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Abstract 

We propose a consistent string theory framework for embedding brane world 
scenarios with infinite-volume extra dimensions. In this framework the Stan- 
dard Model fields are localized on D3-branes sitting on top of an orientifold 3- 
plane. The transverse 6-dimensional space is a non-compact orbifold or a more 
general conifold. The 4-dimensional gravity on D3-branes is reproduced due 
to the 4-dimensional Einstein-Hilbert term induced at the quantum level. The 
orientifold 3-plane plays a crucial role, in particular, without it the D3-brane 
world-volume theories would be conformal due to the tadpole cancellation. 
We point out that in some cases the 4-dimensional Planck scale is controlled 
by the size of certain relevant (as opposed to marginal) orbifold blow-ups. 
We can then have a scenario with the desirable 4-dimensional Planck scale, 
the string scale of order TeV, and the cross-over to 10-dimensional gravity 
around the present Hubble size. We discuss some general features as well as 
concrete models in this "Orientiworld" framework, including those with D7- 
branes. We point out that the D7-brane gauge symmetry at the quantum level 
becomes part of the 4-dimensional gauge symmetry. We present an = 1 
supersymmetric model with 3 chiral generations of quarks and leptons, where 
the original gauge group (which contains an SU{6) subgroup) can be Hig- 
gsed to obtain a Pati-Salam model with 3 chiral generations, the Pati-Salam 
Higgs fields required to break the gauge group further to that of the Standard 
Model, as well as the desired electroweak Higgs doublets. The superpotential 
in this model is such that we have precisely one heavy (top-like) generation. 
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I. INTRODUCTION 



One motivation for considering extra dimensions comes from superstring theory (or M- 
theory), which is beheved to be a consistent theory of quantum gravity. Thus, the critical 
number of space-time dimensions in superstring theory is 10 (while M-theory is an 11- 
dimensional theory). However, in order to model the real world with critical string theory 
(or M-theory), one must address the question of why the extra dimensions have not been 
observed. One way to make extra dimensions consistent with observation is to assume that 
they are compact with small enough volume. If the Standard Model gauge and matter fields 
propagate in such extra dimensions (as is the case in, say, weakly coupled heterotic string 
theory), then their linear sizes should not be larger than about inverse TeV 0]. On the 
other hand, in the Brane World scenario the Standard Model gauge and matter fields are 
assumed to be localized on branes (or an intersection thereof), while gravity lives in a larger 
dimensional bulk of space-time. Such a scenario with compact extra dimensions can, for 
instance, be embedded in superstring theory via Type I' compactifications. Then the extra 
directions transverse to the branes can be as large as about a tenth of a millimeter . 

Originally considering compact (or, more generally, finite volume) extra dimensions was 
motivated by the requirement that at the distance scales for which gravity has been measured 
one should reproduce 4-dimensional gravity. However, in |^,^ a remarkable proposal was 
set forward. In particular, according to 4-dimensional gravity can be reproduced on a 
3-brane in infinite- volume bulk (with 6 or larger space-time dimensions) up to ultra-large 
distance scales. Thus, in these scenarios gravity is almost completely localized on a brane 
(which is almost J-function-like) with ultra-light modes penetrating into the bulk. As was 
explained in [Q, this dramatic modification of gravity in higher codimension models with 
infinite volume extra dimensions is due to the Einstein-Hilbert term on the brane, which is 
induced via loops of non-conformal brane matter . 

In this paper we describe an explicit string theory framework where the Standard Model 
gauge and matter fields are localized on (a collection of) D3-branes embedded in infinite- 
volume extra space. In particular, we consider unoriented Type IIB backgrounds in the 
presence of some number of D3-branes embedded in an orbifolded space-time. The D3-brane 
world- volume theory in this framework is non-conformal (at least for some backgrounds with 
at most A/" = 1 supersymmetry) . At the quantum level we have the Einstein-Hilbert term in- 
duced on the branes, which leads to almost complete localization of gravity on the D3-branes. 
In particular, up to an ultra-large cross-over distance scale the gravitational interactions of 
the Standard Model fields localized on D3-branes are described by 4-dimensional laws of 
gravity. 

One of the key ingredients in this framework is that we have an unoriented background. 
Thus, if we consider orientable Type IIB backgrounds (that is, those without orientifold 
planes) in the presence of some number of D3-branes embedded in an orbifolded space-time, 
then, as was explained in , the finiteness of the theory (that is, tadpole cancellation condi- 
tions) implies that the D3-brane world- volume theory is necessarily conformalQ. However, as 



^More precisely, theories with at least M = 1 supersymmetry are conformal |Q. As to non- 
supersymmetric theories, to decouple bulk tachyons one considers the large N limit, where they 
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was originally pointed out in 0], we can obtain non-conformal gauge theories if we consider 
orientifolds of such Type JIB backgrounds. In particular, this is the case for backgrounds 
with at most J\f = 1 supersymmetry. Given the importance of orientifold planes in our 
framework, we refer to it as "Orientiworld" . 

The orientiworld framework appears to have a rich structure for model building. In 
particular, since the extra dimensions have infinite volume, the number of D3-branes is 
arbitrary. Moreover, the number of allowed orbifold groups is infinite. Thus, a priori 
the orbifold group can be an arbitrary^ subgroup of Spin{6), or, if we require M = 1 
supersymmetry to avoid bulk tachyons, of SU{3). To obtain a finite string background, 
we still must impose twisted tadpole cancellation conditions. However, twisted tadpoles 
must also be canceled in compact Type IIB orientifolds. Then the number of consistent 
solutions of the latter type is rather limited 0] as we can only have a finite number of 
D3-branes, and, moreover, the number of allowed orbifold groups is also finite as they 
must act crystallographically on the compact space. On the other hand, as we already 
mentioned, in the orientiworld framework the number of consistent solutions is infinite, 
which is encouraging for phenomenologically oriented model building. 

This richness of the orientiworld framework can be exploited to construct various models 
for phenomenological applications. We discuss some examples of orientiworld models in 
detail. In particular, we give an example with three chiral generations. In this model, 
which is A/" = 1 supersymmetric, the gauge group contains a phenomenologically appealing 
SU{6) subgroup^]. Albeit the gauge group in this model contains an SU{6) subgroup, as 
was pointed out in |^, it is not a grand unified model as we have no Higgs field in an 
appropriate higher dimensional representation. However, as was pointed out in |T0[ , one can 



still break the gauge group down to that of the Standard Model. We discuss this model 
in detail, and point out the importance of the gauge subgroups coming from D7-branes, 
which are also present in this model. In particular, the D7-brane gauge symmetry becomes 
part of the four- dimensional gauge symmetry via the mechanism of []TT|. In fact, after a 
sequence of Higgsing, the gauge group in this model can be broken down to the Pati-Salam 
gauge group. The charged matter contains 3 chiral generations of quarks and leptons, the 
electroweak Higgs doublets, as well as the Pati-Salam Higgs fields, which break the Pati- 
Salam gauge symmetry down to that of the Standard Model. We also point out a pleasant 
bonus in this model - the superpotential is such that we have precisely one heavy (top-like) 
generation. 

Given recent developments in brane world scenarios with infinite-volume extra dimen- 
sions, it is reasonable to expect that the orientiworld approach, which provides an explicit 



too are conformal. 

^More precisely, there is a mild restriction on allowed orbifold groups if we require modular 
invariance of the closed string sector in the corresponding oriented Type IIB background. 

compact version of this model, which is the first orientifold model with three generations of 
quarks and leptons, was originally constructed in |Q (and a non-compact version was subsequently 
constructed in [^). 
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framework for consistently embedding such scenarios in string theory, would have to be 
further developed. In particular, orbifold examples are only a part of interesting starting 
Type IIB backgrounds. Thus, one can consider more general backgrounds such as conifolds. 
It therefore appears that orientiworld might provide a fruitful arena for embedding various 
brane world scenarios in string theory. In fact, in the following we point out that relevant (as 
opposed to marginal) blow-ups of the orbifold singularities, which turn the space transverse 
to the D3-branes into a conifold, play an important role in obtaining 4-dimensional gravity 
on D3-branes. 

The rest of this paper is organized as follows. In section II we discuss the orientiworld 
framework. In section III we discuss some general features of the orientiworld scenario, in 
particular, we discuss how 4-dimensional gravity is reproduced on D3-branes. In section 
IV we discuss how the four- dimensional Einstein-Hilbert term arises in the orientiworld 
context. In section V we discuss concrete examples of orientiworld models. In section VI 
we discuss some phenomenological aspects of the aforementioned 3-family supersymmetric 
model containing an SU{6) subgroup. We conclude with final remarks in section VII. Some 
details are relegated to appendices. 

II. FRAMEWORK 

In this section we discuss the orientiworld framework. First we describe the underlying 
oriented Type IIB orbifold backgrounds. We then consider their orientifolds. This illus- 
trates why introduction of orientifold planes makes a big difference, in particular, why in 
the orientiworld framework we can construct non-conformal gauge theories. Parts of our 
discussion here will closely follow 

A. Oriented Backgrounds 

Consider Type IIB string theory with parallel coincident D3-branes where the space 
transverse to the D-branes is = R^/F. The orbifold group F = {ga | a = 1, . . . , |F|} 
{gi = 1) must be a finite discrete subgroup of Spin{Q) (it can be a subgroup of Spin{6) and 
not S0{6) as we are dealing with a theory containing fermions). If F C SU{3) {SU{2)), we 
have A/" = 1 (A/" = 2) unbroken supersymmetry, and Af = 0, otherwise. 

Let us confine our attention to the cases where type IIB on is a modular invariant 
theory^ The action of the orbifold on the coordinates Xj {i = 1,...,6) on A4 can be 
described in terms of 50(6) matrices: ga : Xi J2j{ga)ijXj. (The action of ga on the 
world-sheet superpartners of Xi is the same.) We also need to specify the action of the 
orbifold group on the Chan-Paton charges carried by the D3-branes. It is described by 
N X N matrices 7^ that form a representation of F. Note that 71 is an identity matrix and 
Tr(7i) = N. 



^This is always the case if F C SU{3). For non-supersymmetric cases this is also true provided 
that /BZ2 C F. If 3Z2 C F, then modular invariance requires that the set of points in R^ fixed 
under the Z2 twist has real dimension 2. 
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The D-brane sector of the theory is described by an oriented open string theory. In 
particular, the world-sheet expansion corresponds to summing over oriented Riemann sur- 
faces with arbitrary genus g and arbitrary number of boundaries b, where the boundaries of 
the world-sheet correspond to the D3-branes. For example, consider the one-loop vacuum 
amplitude with no handles and two boundaries {g = 0, b = 2). The corresponding graph 
is an annulus whose boundaries lie on D3-branes. The one-loop partition function in the 
light-cone gauge is given by 

^=^ETr(^7a(l-(-ine-^-*^«) , (1) 

where F is the fermion number operator, t is the real modular parameter of the annulus, 
and the trace includes sum over the Chan-Paton factors. 

The orbifold group F acts on both ends of the open string. The action of G F on 
Chan-Paton charges is given by 7a <S> 7a- Therefore, the individual terms in the sum in (|l]) 
have the following form: 

mia)fZa, (2) 

where Za are characters corresponding to the world-sheet degrees of freedom. The "un- 
twisted" character Zi is the same as in the Af = 4 theory for which F = {1}. The informa- 
tion about the fact that the orbifold theory has reduced supersymmetry is encoded in the 
"twisted" characters Za, a 1. 

In it was shown that the one-loop massless (and, in non-supersymmetric cases, tachy- 
onic) tadpole cancellation conditions (that is, finiteness of the corresponding string back- 
grounds) require that 

Tr(7a) = Va^l. (3) 

That is, all twisted characters Za contain divergences (which are all massless tadpoles in 
the supersymmetric cases, while in non-supersymmetric cases we also have tachyonic diver- 
gences). In it was also shown that this condition implies that the Chan-Paton matrices 
7a form an n-fold copy of the regular representation of F. The regular representation de- 
composes into a direct sum of all irreducible representations rj of F with degeneracy factors 
Hi = \ri\. The gauge group is {Ni = nrii) 

G = ®iU{Ni) . (4) 

The matter consists of Weyl fermions and scalars transforming in bifundamentals (Nj,Nj) 



see 



]T2[ for details). The overall center-of-mass U{1) is free - matter fields are not charged 
under this U{1). All other f/(l)'s, however, are running. If F C 50(3), then these t/(l)'s 
are anomaly free. If, however, F C SU{3) but F ^ 5*0(3), then some of such f/(l) factors 
are actually anomalous (in particular, we have U{l)kSU{Niy mixed anomalies), and are 
broken at the tree-level via a generalized Green-Schwarz mechanism Apart from 

the U{1) factors, all supersymmetric theories of this type are conformal 0], in particular, 
their non-Abelian parts are conformalQ. On the other hand, in non-supersymmetric cases 



-"We will discuss the U (1) factors in the next subsection. 
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to decouple bulk tachyons one considers the large limitQ. All (supersymmetric as well as 
non-supersymmetric) gauge theories of this type are conformal in the large limit . The 
key reason for this conformal property is the tadpole cancellation condition (^), which, as 
was explained in [^], implies that all planar diagrams reduce to those of the parent Af = 4 
theory, which is conformal. In the large limit non-planar diagrams are suppressed by 
powers of For finite N conformality of the non-Abelian parts of the gauge theories 

follows for M = 2 cases (as M = 2 gauge theories perturbatively are not renormalized 
beyond one loop), and can also be argued for A/" = 1 cases 0. In non-supersymmetric cases, 
however, bulk tachyons prevent one from considering finite N casesQ 

B. Unoriented Backgrounds 

Let us now consider a generalization of the above setup by including orientifold planes. 
In the following we will mostly be interested in finite N theories, so let us focus on theories 
with at least M = 1 unbroken supersymmetry. Thus, consider Type IIB string theory on 
M. = C^/r where F C SU{3). Consider the QJ orientifold of this theory, where Q is the 
world-sheet parity reversal, and J is a Z2 element ( = 1) acting on the complex coordinates 
Zi {i = 1, 2, 3) on such that the set of points in fixed under the action of J has real 
dimension A = or 4. 

If A = then we have an orientifold 3-plane. If F has a Z2 subgroup, then we also have 
an orientifold 7-plane. If A = 4 then we have an orientifold 7-plane. We may also have an 
orientifold 3-plane depending on whether F has an appropriate Z2 subgroup. Regardless of 
whether we have an orientifold 3-plane, we can a priori introduce an arbitrary number of 
D3-branesQ On the other hand, if we have an orientifold 7-plane we must introduce 8 of the 
corresponding D7-branes to cancel the Ramond-Ramond charge appropriately. (The number 
8 of D7-branes is required by the corresponding untwisted tadpole cancellation conditions.) 

We need to specify the action of F on the Chan-Paton factors corresponding to the 
D3- and D7-branes (if the latter are present, which is the case if we have an orientifold 
7-plane). Just as in the previous subsection, these are given by Chan-Paton matrices which 
we collectively refer to as 7^, where the superscript fi refers to the corresponding D3- or 
D7-branes. Note that Tr(7f ) = where n'^ is the number of D-branes labelled by fi. 

At the one-loop level there are three different sources for massless tadpoles: the Klein 
bottle, annulus and Mobius strip amplitudes depicted in Fig.l. The Klein bottle ampli- 
tude corresponds to the contribution of unoriented closed strings into the one-loop vacuum 
diagram. It can be alternatively viewed as a tree-level closed string amplitude where the 
closed strings propagate between two cross-caps. The latter are the (coherent Type IIB) 
states that describe the familiar orientifold planes. The annulus amplitude corresponds to 



^In this limit we take the string coupling Qs ^ together with N ^ 00 while keeping Nqs fixed. 

^In the large N limit the bulk tachyons are harmless as the string coupling gg goes to zero. 

®In general, codimension-3 and higher objects (that is D-branes and orientifold planes) do not 
introduce untwisted tadpoles. 
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the contribution of open strings stretched between two D-branes into the one-loop vacuum 
amphtude. It can also be viewed as a tree-channel closed string amplitude where the closed 
strings propagate between two D-branes. Finally, the Mobius strip amplitude corresponds 
to the contribution of unoriented open strings into the one-loop vacuum diagram. It can be 
viewed as a tree-channel closed string amplitude where the closed strings propagate between 
a D-brane and an orientifold plane. 

Note that there are no Chan-Paton matrices associated with the Klein bottle amplitude 
since it corresponds to closed strings propagating between two cross-caps which do not 
carry Chan-Paton charges. The Mobius strip has only one boundary. This implies that 
the individual terms (corresponding to twists Qa € P) in the Mobius strip amplitude are 
proportional to Tr(7^). The annulus amplitude is the same (up to an overall factor of 1/2 
due to the orientation reversal projection) as in the oriented case discussed in the previous 
subsection. Thus, the individual terms (corresponding to twists G P) in the annulus 
amplitude are proportional to Tr(7^)Tr(7^). The tadpoles can therefore be written as 

T.Ua + Y: M^^Trira) + E ^rTr(7„^)Tr(7:)) . (5) 

Here the terms with Ka, and A'^'^ correspond to the contributions of the Klein bottle, 
Mobius strip and annulus amplitudes, respectively. In fact, the factorization property of 
string theory implies that the Klein bottle amplitude should factorize into two cross-caps 
connected via a long thin tube. The Mobius strip amplitude should factorize into a cross-cap 
and a disc connected via a long thin tube. Similarly, the annulus amplitude should factorize 
into two discs connected via a long thin tube. These factorizations are depicted in Fig.2. 
The implication of this for the tadpoles is that they too factorize into a sum of perfect 
squares 

Ef^^ + E^a^Tr(7,^)) , (6) 

where Bl = Ka, 2BaC^ = and C^C^ = A^". Thus, the twisted tadpole cancellation 
conditions read: 

S, + EC™7,^) = 0, a^l. (7) 

These should be contrasted with (H) in the oriented case. In particular, since in certain 
cases some Ba ^ 0, a priori there is no reason why the corresponding D3-brane world- 
volume gauge theories should be conformal. That is, the presence of orientifold planes can 
indeed give rise to non-conformal gauge theories. 

C. Orientiworld Models 

Let us see what kind of orientiworld models we can have. In particular, let us discuss 
what kind of orientiworld models are non-conformal. For definiteness let us focus on the 
cases where we do have an orientifold 3-plane. If there are no orientifold 7-planes (that is, if 
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r does not contain a Z2 element), then the orientifold projection Q can be either of the 5*0 or 
the Sp type: the corresponding orientifold 3-plane is referred to as 03~ or 03^, respectively. 
That is, before orbifolding, if we place 2N D3-branes on top of the 03~-plane (03^-plane), 
we have the Af = 4 super- Yang-Mills theory with the S0{2N) {Sp{2N)) gauge group0. (We 
are using the convention where Sp{2N) has rank A^.) After the orbifold projections the 33 
(that is, the D3-brane) gauge group is a subgroup of S0{2N) {Sp{2N)), which can contain 
U (Nk) factors as well as SO [Sp) subgroups. The 33 matter can contain bifundamentals in 
any of these subgroups as well as rank-2 antisymmetric (symmetric) representations in the 
unitary subgroups. Next, if we have an 07-plane, the orientifold projection Q must always 
be of the 5*0 type on the D7-branes - this is required by the tadpole cancellation condition. 
This, in particular, implies that the 33 and 77 matter cannot contain rank-2 symmetric 
representations. Note that we also have 37 matter in bifundamentals of the 33 and 77 gauge 
groups. 

Let us start with M = 2 theories of this typeQ. All such theories are conformal (more 
precisely, their non-Abelian parts are - here we are ignoring the U{1) factors). The reason 
why can be understood as follows. First, note that we can focus on the one-loop level as we 
have M = 2 supersymmetry. It can be shown that cross-cap contributions to the twisted 
tadpoles corresponding to the twists of even order are all vanishing (see, for instance, PJTB 



and references therein). This implies that the corresponding 7^ are traceless, and, for the 
same reason as in the previous subsection, do not spoil conformality. Let us therefore focus 
on orbifold groups F C SU (2) that do not contain elements of even order. These are given 
by Tim subgroups of SU{2), where M is odd. Let us see why all such theories are conformal 
(we can then understand why theories with even order twists are also conformal). In these 
theories the cross-cap contributions into twisted tadpoles, which are given by the factors S^, 
are non-vanishing, so neither are the corresponding Tr(7a) (note that in these cases we have 
no D7-branes, so we do not need to put an additional index yU on the Chan-Paton matrices). 
However, the tadpole cancellation condition implies that 

+ C,Tr(7j = , a ^ 1 . (8) 

This, as we will see in a moment, implies that these Af = 2 theories are conformal. 

To see this, let us consider renormalization of the gauge coupling for a non-Abelian 
subgroup of the D3-brane gauge group. This can be deduced from a 2-point function, where 
two gauge bosons corresponding to this subgroup are attached to the same boundary in the 
corresponding one-loop graph. It has to be the same boundary because these are non-Abelian 
gauge bosons, so the Chan-Paton matrices Xr, r = 1,2, corresponding to the external lines 
are traceless: Tr(Ar) = 0. It then follows that Tr(Ar7a) = as well for by definition are 
invariant under the orbifold group action as A,, correspond to the gauge bosons of the gauge 
group left unbroken by the orbifold (in particular, note that A^ commute with 7^). This 
then implies that attaching only one such external line to a given boundary would produce 



^Note that we can also place 2A^+ 1 D3-branes on top of the 03 -plane to obtain the S0{2N + 1) 
gauge group. 
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Orientifolds of non-compact Type IIB orbifolds were discussed in detail in [|,15,16|. 
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a vanishing amplitude. Note that this is correct for the non-Abehan gauge bosons, but does 
not hold for U{1) factors. This, as we will see, is precisely the reason why ?7(l)'s can still 
run in these theories. 

Thus, the ultra-violet divergence structure for the one-loop amplitude containing two 
external lines corresponding to non-Abelian gauge bosons is given by: 



where the first term comes from the Mobius strip, while the second term comes from the 
annulus. In the second term the factor of 2 is due to the two different ways we can attach 
external gauge bosons to the two boundaries. The factors and Ca are the same as before 
- they correspond to the massless twisted closed string states coupling to the cross-caps 
and D3-branes, respectively, in the factorization limit depicted in Fig. 2. The factors C'^ 
correspond to these twisted closed string states coupling to the D3-branes with two external 
lines attached to them (in particular, C'^ are different from Ca)- Note that vanishes due 
to the tadpole cancellation conditions (j^). That is, we have no ultra-violet divergences in 
the one-loop 2-point functions involving non-Abelian gauge bosons. 

The fact that there are no ultra-violet divergences in the non-Abelian 2-point functions 
does not by itself imply that the non-Abelian gauge couplings do not run. Indeed, we must 
show that there are no infra-red divergences in the corresponding 2-point functions either. 
Remarkably enough, however, the ultra-violet and infra-red divergences in these M = 2 mod- 
els are related to each other, in fact, they are identical. The reason for this is the following. 
Consider the /oo^-c/ianne/ one-loop 2-point function involving non-Abelian or U{1) gauge 
bosons (in the latter case we must also include the annulus amplitude with the external lines 
attached to two different boundaries). Such an amplitude receives contributions only from 
massless open string states running in the loop. This is due to the Af = 2 supersymmetry - 
only BPS states (that is, those in short supermultiplets) can contribute to the renormaliza- 
tion of the gauge couplings, and the massive open string excitations in these backgrounds 
are all non-BPS |[T7|Jl8|] . That is, there are no massive string threshold contributions to the 
gauge couplings, and whatever their field-theoretic logarithmic running, it continues above 
the string scale. In other words, the massive open string states do not provide an ultra-violet 
cut-off for the gauge coupling running in these backgrounds. This then implies that, if we 
had logarithmic infra-red divergences in the non-Abelian gauge couplings (that is, if the lat- 
ter did run), we would have to have the corresponding logarithmic ultra-violet divergences 
as well. However, as we saw above, there are no ultra-violet divergences in the non-Abelian 
gauge couplings. This then implies that there are no infra-red divergences either, and the 
non-Abelian gauge couplings do not run - the non-Abelian parts of these Af = 2 gauge 
theories are, therefore, conformal. 

What about the U{1) gauge couplings? First, note that f/(l)'s in these backgrounds are 
non-anomalous - these theories are M = 2 supersymmetric, and, therefore, non-chiral. So a 
priori they need not be broken. We can then discuss the U{1) gauge coupling running. In 
fact, all f/(l)'s run as there is always matter charged under them|^. This implies that we 



Note that this is different from what happens in oriented backgrounds discussed in subsection 




(9) 



a 
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have logarithmic m/ra- red divergences in the loop- channel one-loop 2-point function involving 
U{1) gauge bosons. According to the above argument, this then implies that we must also 
have the corresponding logarithmic ultra-violet divergences. And we do. These arise in the 
annulus amplitude with two external U{1) lines attached to dz/ferent boundaries. In fact, the 
corresponding infra-red divergence also arises in this amplitude, that is, we have no infra-red 
divergences in the Mobius strip or annulus amplitudes with two external U{1) lines attached 
to the same boundary. On the other hand, the aforementioned ultra-violet divergence in 
the loop channel can be understood as an infra-red divergence in the corresponding tree 
channel, which arises in the factorization limit depicted in Fig. 2 due to the exchange of 
massless twisted states (note that massive states do not give rise to infra-red divergences in 
the tree channel). Such a massless twisted state is a Ramond-Ramond twisted 2-form, call 
it C, which on top of the four dimensions along the D3-brane world-volumes also propagates 
in the fixed point locus of the corresponding twist in C'^, which has real dimension 2. This 
twisted 2-form has a couphng to a f/(l) gauge field strength of the following form |T^P(]| : 

/ CAP. (10) 

JDS 

Exchanging this 2-form in the annulus amplitude with two U{1) gauge bosons attached to 
different boundaries then leads to a logarithmic divergence. The reason why this divergence 
is logarithmic is simply due to the fact that the massless 2-dimensional Euclidean propagator 
is logarithmic. We will come back to the running of the t/(l)'s in a minute. However, let us 
first understand the loop-channel infra-red divergences (in particular, the absence thereof 
for non-Abelian gauge couplings) in the tree-channel language. 

The key point here is that, as we have already mentioned, in these backgrounds the ultra- 
violet and infra-red divergences in any given one-loop 2-point function are identical. Thus, 
the ultra-violet and infra-red divergences in the annulus amplitude with two non-Abelian 
gauge bosons attached to the same boundary are identical. Similarly, they are identical in the 
Mobius strip amplitude with two external lines corresponding to non-Abelian gauge bosons. 
Also, the ultra-violet and infra-red divergences are identical in the annulus amplitude with 
two U{1) gauge bosons attached to the same boundary. Similarly, they are identical in the 
Mobius strip amplitude with two external lines corresponding to f/(l) gauge bosons. Finally, 
the ultra-violet and infra-red divergences are identical in the annulus amplitude with two 
U{1) gauge bosons attached to different boundaries. Note that for twists with Tr(7a) 7^ 
these individual divergences do not vanish. In fact, the divergences in the annulus amplitude 
with two U{1) gauge bosons attached to different boundaries do not vanish even for the twists 
with Tr(7a) = 0. 



A, where we have one center-of-mass U{\) which is free. In the oriented case the gauge group 
before orbifolding is U{N), and the free center-of-mass U{1) is inherited from this U{N) (while all 
the other C/(l)'s come from breaking the SU{N) part of U{N), so there is always matter charged 
under these J7(l)'s, which, therefore, run). On the other hand, in the unoriented case the gauge 
group before orbifolding is SO{2N) or Sp{2N) (as we have aheady mentioned, it can also be 
SO{2N + 1)), and in this case ?7(l)'s come from breaking these gauge groups, so there is always 
matter charged under them. 
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To understand how this is possible, that is, how individual infra-red and ultra-violet diver- 
gences in these backgrounds can be identical, let us go to the tree channel. The loop-channel 
ultra-violet divergences are then translated into the tree-channel infra-red divergences aris- 
ing due to the exchange of massless twisted states in the factorization limit depicted in 
Fig. 2. These divergences are logarithmic as the massless 2-dimensional Euclidean propaga- 
tor is logarithmic. Note that the exchange of massless twisted states in the tree channel 
also gives rise to logarithmic ultra-violet divergences, which in the loop channel translate 
into logarithmic infra-red divergences. In fact, precisely because the massless 2-dimensional 
Euclidean propagator is logarithmic, these tree-channel ultra-violet divergences (that is, 
the loop-channel infra-red divergences) have the exact same structure as the tree-channel 
infra-red divergences (that is, the loop-channel ultra-violet divergences). In particular, this 
structure is also given by (^. What about the exchange of massive twisted states in the 
tree channel? A priori these could also contribute into ultra-violet tree-channel divergences. 
But they do not. This is also due to the Af = 2 supersymmetry. In other words, in A/" = 2 
backgrounds the couplings of massive twisted states to the massless brane fields are such 
that their exchange in the tree channel does not give rise to tree-channel ultra-violet diver- 
gences. Indeed, such divergences, if non-vanishing, could only be logarithmic, which would 
imply that the loop-channel infra-red divergences would be different from the loop-channel 
ultra-violet divergences. This, however, is not possible as the massive open string states do 
not affect the gauge coupling running in the ultra-violet due to the Af = 2 supersymmetry 
as we discussed above0. 

Let us now go back to the running of the f/(l)'s, which is due to the exchange of the 
massless twisted 2-form fields C. In particular, we have the corresponding logarithmic 
ultra-violet divergences, which normally are not expected to be present in consistent string 
backgrounds^^. Here we would like to discuss a resolution of this point. The idea here 
is based on the above observation that the ultra-violet and infra-red divergences in these 
backgrounds go hand- by-hand. In particular, we might expect that, if we remove the infra- 
red divergences, then this should automatically take care of the ultra-violet divergences as 
well. This then gives us a hint that, if the t/(l)'s become massive, then we should no longer 
have ultra-violet divergences. In fact, in a moment we will discuss a mechanism for this. 
The upshot of this mechanism is that these ?7(l)'s are actually not local gauge symmetries 
but global ones, and we should treat them as such. This mechanism is essentially the same 
in the oriented as well as unoriented backgrounds, so for simplicity we will discuss it in one 
of the oriented M = 2 backgrounds discussed in subsection A. 

Thus, consider the oriented background with F = Z2, where the generator i? of F acts 
as follows on the complex coordinates -Zi, -22; on C^: 

R: zi-^ zi , R : 2:2,3 -2:2,3 . (11) 



Here we note that these observations are the key ingredient of the Brane-Bulk Duality recently 
discussed in pT| , p2[ in the context of non-conformal D3-brane gauge theories from oriented Type 
IIB backgrounds with uncanceled codimension-2 twisted tadpoles. 

^^In particular, note that we have Landau poles for the C/(l)'s. 
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We must satisfy the condition Tr(7ii;) = 0. Thus, we can take 



7ij = diag(/7v, -I 



(12) 



where is the A^x unit matrix. The resulting D3-brane world- volume theory is the M = 2 
supersymmetric U (N) U{N) gauge theory with matter hypermultiplets transforming in 



:N,N)(+1,-1) , (N,N)(-1,+1) 



(13) 



where the U{1) charges are given in the parenthesis. Note that the diagonal U{1), which we 
will refer to as f/(l)+, is the free center-of-mass U{1), while the anti-diagonal U{1), which 
we will refer to as f/(l)_, runs. 

Consider the Chern-Simons part of the low energy action containing the twisted 2-form 



Cr 123,19 



1 f 

Scs = 7^ — 7 / CrATt (7r 

Zna' JD3 ^ 



(14) 



where T is the ((2A^) x (2A^) matrix valued) D3-brane gauge field strengthj^. Let us de- 
compose JF into (A^ X matrix valued) field strengths T\ and T2 for the two U{N) factors. 
We then have 



cs 



CrA 



Tr e 



27ra' Jd3 

The linear term in the field strengths is given by: 



Tr e- 



D3 



CrAF^ 



where 



F_ = Tr(^i) - Tr(^2) 



(15) 



(16) 



(17) 



is the (appropriately normalized) f/(l)- field strength. In particular, note that Cr does not 
have such a coupling to the ?7(1)+ field strength F^. This is consistent with the fact that 
the latter does not run. 

We can consistently give a mass to the U{1)- gauge field as follows. Let Cr be the 
pull-back of the 2-form Cr onto the D3-brane world-volume: 



D3 



Here are the coordinates along the D3-brane world- volume, while x', i 
real coordinates on the fixed point locus of the twist R {zi 
Note that the Chern-Simons coupling (^) is given by 



+ ix"^), and x'^ 



(18) 

1, 2, are the 



Note that we are ignoring the NS-NS 2-form, which is not important for our discussion here. 
At any rate, it does not appear in the unoriented backgrounds. 
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^^d^xe,,^pC'j,'FZP . (19) 

Next, let Hr be the four- dimensional field strength of Cr. That is, 

■jj!^^- = dt^C^j^ + a^'C^^ + d'^C';^ . (20) 

Note that we can add a kinetic term for Cn in the D3-brane world- volume, which is consistent 
with all symmetries of the system: 

- - / K- (21) 

12iD3 ^ ^ ^ 

Here L has the dimension of length. The original action is restored in the L — > limit. In 
this limit, however, the f/(l)- gauge boson is infinitely heavy. Indeed, consider the action 
((7_ is the f/(l)- gauge coupling): 

where A- is the f/(l)- gauge field. The mass of the f/(l)- gauge boson therefore is 



m 



2 



16gl 
L2 



(23) 



Thus, for non-zero L the U{1)- gauge symmetry is broken. However, we still have a global 
t/(l)_ symmetry. 

Since f/(l)- is heavy for non- vanishing L, we have no infra-red divergences. Let us, 
however, check that our expectation about the absence of the ultra-violet divergences is 
actually correct. What we need to do is to compute the correction to the kinetic term 
due to the tree-channel exchange of the 2-form Cr. The relevant action reads: 

_ / hI+ f CrAF_-\ [ F'- — [ Hi, (24) 
12 Jm ^ Jm Agl ios " 12 Jdsxr^ ^ ' ^ ^ 

where Hr is the field strength of the 2-form Cr in the bulk, which is the D3-brane world- 
volume times the fixed point locus of the twist R. The computation of this tree-channel 
exchange is given in Appendix A. As can be seen from this computation, we indeed do not 
have logarithmic divergences in the U{1)- gauge coupling even if we take the limit L ^ oo 
where m_ 0. The physical interpretation of this is that U{1)^ should not be interpreted 
as a local gauge symmetry but as a global one. In particular, suppose we start from the 
original background with a massless U{1)- gauge boson. Since this U{1)- runs, we must 
introduce an ultra-violet cut-off A. Since the 2-form Cr couples to the brane fields via (|T5|), 
already at the one-loop level a kinetic term ( pT]) for Cr will be generated on the D3-branes. 
At the one-loop order the relevant couplings in (|15D are those quadratic in the field strengths: 

W^^C/j A [Tr(^iJ-i) -Tr(^2-^2)] • (25) 
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In fact, the coefficient LP' 



in (^) is given by: 



(26) 



where 6 is a dimensionless numerical coefficient. The computation of Appendix A then 
shows that we do not have a logarithmic divergence in the U{1)^ gauge coupling even in the 
A ^ oo limit. This, as we have already mentioned, suggests that f/(l)- should be treated 
as a global symmetry and not as a local one. In fact, in Appendix A we point out that this 
is consistent with the case where the two extra dimensions are compactified on a large 
2-torus. 

As we have already mentioned, the story in unoriented backgrounds is similar. Once 
we interpret all [/(l)'s as global symmetries, we are left with M = 2 superconformal non- 
Abelian gauge theories on D3-branes. As should be clear from our discussions, the key 
reason why M = 2 theories are conformal lies in the fact that all non-trivial twists have 
fixed point loci of real dimension 2. In particular, the fact that the ultra-violet and infra- 
red divergences in these backgrounds are identical is possible precisely because they are 
identical in a massless 2-dimensional Euclidean propagatoiQ. This gives us a hint that all 
M = 1 theories with the orbifold groups F C 5*0(3) should also be conformal. Indeed, each 
individual twist (^a € T in these cases has a fixed point locus of real dimension 2, moreover, 
each individual twist Qa € SU{2), so it preserves M = 2 supersymmetry (however, at least 
two different twists belong to two different S'f/(2)'s, so altogether we have only Af = 1 
supersymmetry as F C S0{3) C SU{3)). It is then not difficult to see that the one-loop 
non-Abelian /^-functions vanish in these theories. Clearly, since these theories are not M = 2 
supersymmetric, the one-loop vanishing of the corresponding /5-functions does not guarantee 
that they are conformal at higher loops. Actually, it is not difficult to show that in such 
theories even two-loop non-Abelian /3-functions vanish. Indeed, this would follow from the 
vanishing of the one-loop /3-functions plus the vanishing of the one-loop anomalous scaling 
dimensions for the non-Abelian matter fields. The latter fact can be shown by repeating 
the above arguments for matter fields. In fact, in the M = 1 cases one can argue that these 
theories are conformal (even at finite N) by adapting the corresponding arguments given in 
in the case of oriented theories. 

Before we move onto other M = 1 theories, let us note the following about M = 1 theories 
with r G S'0(3). First, the U{1) factors are all anomaly free in such theories (and should be 
treated as global symmetries just as in the M = 2 cases). This, actually, follows from the 
fact that all such theories are non-chiral. Since such theories are not phenomenologically 
appealing, regardless of their conformality we would have to move onto M = 1 theories with 
F ^ 5*0(3). As we will now discuss, such theories are not conformal. 



Thus, consider the cases where F C 5*t/(3) but F ^ 5*0(3). It then follows that € F 
such that the corresponding fixed point loci have real dimension 0. Let us focus on such 



^^As we discussed above, this plus J\f = 2 supersymmetry are the key ingredients here - the latter 
ensures that the massive states do not contribute. 



D. Non-conformal Theories 
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twists, and discuss their contributions to the one-loop running of the gauge couphngs. Let us 
first discuss the loop-channel ultra-violet divergences, which translate into the tree-channel 
infra-red divergences due to the exchange of massless twisted states corresponding to such 
twists. These massless divergences are no longer logarithmic but quadratic (in energy or 
inverse length - in terms of the real modular parameter on the annulus the corresponding 
divergence is of the form J dt/t"^ at t —>■ 0). This can be understood from the fact that the 
twisted closed string states propagating in the tree channel live at the fixed point. Then, if 
the external lines correspond to massless on-shell states, the massless twisted state in the 
tree-channel exchange is also on-shell, and its propagator is quadratically divergent. 
Note, however, that these quadratic divergences cancel not only in the vacuum amplitude 
but also in the two-point one-loop amplitudes with two non-Abelian gauge bosons attached 
to the same boundary. As in the previous subsection, this cancellation occurs between 
the annulus and Mobius strip amplitudes. In fact, the quadratic divergence structure is 
precisely of the form (j^). This then implies that all such quadratic divergences cancel. This 
is just as well - in consistent backgrounds we should have no quadratic divergences in a 
four-dimensional non-Abelian gauge boson propagator. In fact, such quadratic divergences 
also cancel in all other 2-point amplitudes involving non-Abelian matter fields as they should 
in a consistent J\f = 1 supersymmetric theory. 

As should be clear from our previous remarks, the same, however, does not hold for 
f/(l) factors. In fact, for the models with F C SU{3) but F <^ 5*0(3) we always have 
at least one U{1) factor in the D3-brane world-volume. Let us therefore consider 2-point 
functions involving such a U{1) factor. Thus, at the one-loop level, for the diagrams where 
we attach both external lines corresponding to a U{1) gauge boson to the same boundary, we 
have a cancellation between the annulus and Mobius strip amplitudes just as in the case of 
non-Abelian gauge bosons. There is, however, another diagram we must consider, namely, 
the annulus diagram with the two external lines attached to different boundaries. (Note 
that we do not have the corresponding Mobius strip amplitude as the latter has only one 
boundary.) This annulus amplitude does contain a quadratic divergence due to a massless 
twisted closed string exchange. Thus, we have at least one Ramond-Ramond twisted 2-form, 
call it C, living at the fixed point in (recall that in these models we always have a twist 
with a fixed point locus of real dimension 0). This twisted 2-form has a coupling to the U{1) 
field strength of the following form: 

/ C AF . (27) 

Jm 

Exchanging this 2-form in the annulus amplitude with two U{1) gauge bosons attached to 
different boundaries leads to a quadratic divergence. 

The presence of this quadratic divergence is due to the fact that at least one U{1) 
factor in such backgrounds is actually anomalous [^,^,0. In particular, we have a cubic 
[/(l)^ anomaly (note that all such theories are actually chiral). The anomalous ?7(l)'s in 
such backgrounds are broken at the tree level via a generalized Green-Schwarz mechanism 
involving twisted closed string states [l^ . In particular, we now have a tree- level kinetic term 



for the twisted 2-forms C, which propagate in the D3-brane world-volume. The anomalous 
?7(l)'s then become massive, and we have the corresponding global U{1) symmetries at the 
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orbifold point (that is, if we do not blow up the orbifold^. This then takes care of the 
aforementioned quadratic divergences. In fact, to begin with these divergences appeared 
because of an artificial separation of the physical degrees of freedom in massive ?7(l)'s. 

Let us now turn to the loop-channel infra-red divergences, which translate into the tree- 
channel ultra-violet divergences. In particular, let us discuss such divergences in the non- 
Abelian gauge couplings. The key point here is that, unlike in the Af = 2 models discussed 
in the previous subsection, here the massive open string states do contribute into the gauge 
coupling renormalization (in particular, we have massive string threshold corrections). In 
fact, they provide an effective ultra-violet cut-off in the loop channel [ P^p3[ . There are, 
however, infra-red divergences in the loop channel. Once again, unlike in the M = 2 models, 
here the ultra-violet and infra-red divergence structures are different. In particular, in the 
tree channel the massive twisted states now do contribute into ultra-violet divergences. In 
the loop channel this translates into logarithmic infra-red divergences corresponding to the 
non-Abelian gauge coupling running. That is, all models with V C SUif^) but V (f_ 5*0(3) are 
actually non-conformal. In particular, the one-loop /3-function coefficients in these theories 
are non- vanishing Thus, we can obtain D3-brane theories which are both chiral and 

non-conformal if we consider orientiworld models with F C SU{2)) but F ^ 5*0(3). 

Before we end this subsection, let us make the following observations. Let us assume 
that we have an 03-plane. In the cases where F contains a Z2 element we also have the 
corresponding 07-plane as well as D7-branes. At the tree level the D7-brane gauge sym- 
metry serves as a global symmetry for the D3-brane gauge theory. In particular, we have 
37 bifundamental matter, which, from the four-dimensional viewpoint, appears as matter 
transforming in the fundamental representations of various 33 gauge subgroups that also 
carries global quantum numbers with the corresponding global symmetry identified with the 
77 gauge symmetry. However, already at the one-loop level we have kinetic terms for the 77 
gauge bosons generated in the D3-brane world-volume. That is, the full four-dimensional 
gauge group contains a subgroup corresponding to the original 77 gauge group. More pre- 
cisely, in chiral models with F C 5f/(3) but F ^ 50(3) we have anomalous 77 ?7(l)'s on the 
D3-branes. These f/(l)'s are then broken. However, the non-Abelian part of the 77 gauge 
group becomes part of the four-dimensional gauge symmetry. 



III. GRAVITY IN ORIENTIWORLD 

One interesting feature of the orientiworld framework we described in the previous section 
is that we can construct models with non-conformal gauge theories in the D3-brane world- 
volumes. Following we then expect that the Einstein-Hilbert term (among other terms) 



^^As was pointed out in |27,28|, there appear to be some subtleties in the world-sheet description 
in such backgrounds at the orbifold point in the moduli space. However, as was discussed in p7,28|, 
the world-sheet description is adequate if we blow up the orbifold fixed point. We will come back 
to this point in section IV. 
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will be generated on the D3-brane^ (we will discuss this point in more detail in the next 
section). Then, since D3-branes are codimension-6 objects, following |Q, we expect almost 
completely localized gravity on D3-branes with ultra-light modes penetrating into the bulk. 
In this section we would like to discuss this phenomenon in the orientiworld context. 

To understand how such dramatic modification of gravity occurs in the orientiworld 
context, we will first consider a simplified model. In this model the 3-brane on which the 
Standard Model fields are localized is assumed to be tensionless. This assumption, however, 
is not expected to affect the main conclusions of our discussion. In fact, recently in ||3^ 



it was argued in the case of non-zero tension codimension-2 branes that almost complete 
localization of gravity still takes place on such branes. We then may expect the same to 
hold for higher codimension branes as welQ 



A. A Toy Model 

In this subsection we discuss a toy brane world model, which captures the key features 
of gravity in the orientiworld framework, with a co dimension- d brane {d > 2) embedded in 
a D-dimensional bulk space-time. (For calculational convenience we will keep the number 
of space-time dimensions D unspecified, but we are mostly interested in the case D = 10 
and d = 6, where the brane is a 3-brane.) The action for this model is given by: 

S = M^"^-^ d^-^x \[^ R + j ^ _ (28) 

Here Mp is the (reduced) dimensional Planck mass, while Mp is the (reduced) (D — d)- 
dimensional Planck mass; S is a 5-function-like codimension-d source brane, which is a 
hypersurface = (x\ z = 1, . . . , d, are the d spatial coordinates transverse to the brane); 
the brane is assumed to be tensionless; also. 



where are the {D — d) coordinates along the brane (the D-dimensional coordinates are 
given by ), and the signature of the D-dimensional metric is (— , +,..., +)); 

finally, the {D — (i)-dimensional Ricci scalar R is constructed from the {D — (i)-dimensional 
metric G^jy, and the Einstein-Hilbert term on the brane is assumed to be generated via 
quantum loops of matter localized on the brane , which is assumed to be non-conformal. 



liu = 0/i U 



^^The fact that the Einstein-Hilbert term can be present on D-branes was originally suggested in 
|29|. String theory computations of such a term were recently given in [3^31| in somewhat different 



contexts. 

^^In the higher codimension case, if we take a non-zero tension 3-brane to be (5-function-like, the 
background is badly singular at the location of the brane. However, as we will see in the following, 
it appears that the brane thickness should be assumed to be non-zero (albeit it can be small), 
which smoothes out such singularities - see below. 
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Note that this is nothing but the Dvah-Gabadadze model ||^, except that we will not assume 
that the extra dimensions transverse to the brane are flat. 

The equations of motion following from the action ( pH]) are given by: 



Rmn - IgmnR + ^^^M^^iv" \Rf.u - Ig,,r] L''5^''\x' - xl) = , (30) 




where R^i, is the {D — (i)-dimensional Ricci tensor constructed from the metric Gf^^, and 



Consider the following ansatz for the metric 



ds^ = r]^ydx^dx'' + Gijdx'^dx^ , 



(31) 



where Gij is a function of but is independent of x'^. Let Rij and R be the d-dimensional 
Ricci tensor respectively Ricci scalar constructed from the d-dimensional metric Gij. With 
the above ansatz we have that the (i-dimensional manifold Aid transverse to the brane must 
be Ricci flat: 



In particular, it need not be flat {Aid = R-'^ is a special case of a Ricci-flat space, in particular, 
for high enough d there exist Ricci-flat manifolds other than R''). We will, however, assume 
that Aid is non-compact (and has inflnite volume). 

Ricci flat manifolds are precisely the spaces that arise in the orientiworld construction 
(in the weak string coupling regime). Examples of such spaces are given by conifolds. Thus, 
let0 d > 2, and let the metric on Add be given by 



where jajS is independent of the "radial" coordinate r (r takes values between and oo), 
and is a metric on a (compact) {d — l)-dimensional manifold yd-i of positive curvature. 
Then the manifold Aid is Ricci flat (it is also non-compact with inflnite volume). If 3^d-i is 
a unit {d — l)-sphere S*^"^, then the manifold A4d is flat. However, in all other cases Aid is 
not flat, in fact it has a conifold singularity at r = 0. For instance, in the d = 6 case if we 
take 3^5 = S^/r (where F is a subgroup of Spin{6)), then the space Aie is nothing but the 
orbifold R^/F. On the other hand, we can take 3^5 to be other than or an orbifold thereof. 
Then the resulting conifold is no longer an orbifold of R^. We will discuss an orientiworld 
model of this type in section IV. 



^In the d = 2 case the manifold Ai2 is actually flat if the brane is tensionless. In particular, if 
we choose Ai2 to be a two dimensional "wedge" with a deficit angle, the singularity at the origin 
of the wedge is (5-function-like, and this solution corresponds to a non-zero tension brane with the 
tension proportional to the deficit angle. This solution was recently discussed in [^. 



Rij 



. 



(32) 



ds^ = dr"^ + r'^'^apdy^dy 



(33) 
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B. Linearized Gravity 



In this subsection we study gravity in the brane world solution discussed in the previous 
section. Thus, let us consider small fluctuations around the solution 



GmN — G^MN + hMN 



where Cj^"*^ is the background metric 



G 



(34) 



(35) 



The {D — 2)-dimensional graviton Hf^^, = h^v couples to the matter localized on the brane 
via 



int 



1 



(36) 



where T^,^ is the conserved energy-momentum tensor for the matter localized on the brane: 



d^T^. = 



(37) 



The linearized equations of motion read 



''—TmnS^'\x' - xl) , 



(38) 



G 

where the components of the "effective" energy-momentum tensor Tmn are given by 



T —T ■ — 



D-d-2 



, (39) 
(40) 



and we have defined h = h m and H = H^^^. Note that the fiuctuations huN are assumed 
to vanish once we turn off the brane matter source T^^. 

Since the brane is tensionless, the D-dimensional diffeomorphisms are intact: 

We can, therefore, use the harmonic gauge: 



In the harmonic gauge the equations of motion simplify as follows: 



— V V LhuN 



M' 



2-D 



Tmn — 



1 

D~2' 



(41) 



(42) 



(43) 
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where T = T^^. Note that the graviphoton components h^i vanish - indeed, they do not 
couple to the conserved energy-momentum tensor on the brane. The graviscalar components 
Xij = hij can only couple to the trace of the energy-momentum tensor T, which implies that 



(44) 



where x = G'^^Xij- This gives: 



T 

D-2 



r1 M^-^ 



D-2 



(45) 
(46) 



Note that the harmonic gauge implies that 

1 



d-2 
d 



(47) 
(48) 



In particular, taking into account the physically required behavior at infinity, the last equa- 
tion gives: 



H 



d-2 



-X 



(49) 



We, therefore, have 



D-d-2 



(50) 



As we will see, the presence of the term proportional to d^d^x in Tfj,i, has important impli- 
cationsQ. 

Let us Fourier transform the coordinates x'^ on the brane. Let the corresponding mo- 
menta be p^, and let = p^p^. Then we have: 



{vw,-p')h^. 



G 



D-2 



Vf^uTip) 



X 



d 

D-2 



T(p)5W(x^-x: 



(51) 
(52) 



where 



^^The importance of this term was originally pointed out in |32|. 
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T,,{p) = T,,{p)-M'^ 



D-d-2 



Itt d - 1 2 

p H^^ - p^PuX + 



d 



(53) 



Let us now solve these equations following 0]. 

Let us first consider the 7^ modes. Then, due to the fact that the d-dimensional 
propagator is divergent at the origin for c? > 2, we have: 



X=0, r^O 



while on the brane we have 
Hf,y{px,r = 0) 

X{px,r = 0) = 



T^,u{p) - 



d 



(rf -!)(£)- d-2) 




d p^,Pv 
d — 1 p^ 



(54) 

(55) 
(56) 



Note that both the momentum as well as the tensor structures in the graviton propagator 
are {D — (i)-dimensional. In particular, the 7^ modes are completely localized on the 
brane. 

Next, let us study the = modes: 



Ml-'' 



t^Ap) 



D-2 



V^^Tip) + M^-^'-^p.x 



5W( 



d M^-^ 



D-2 



(57) 
(58) 



^ for d > 2, and as 
In the case of conifolds 



It is important to note that, if the brane matter is not conformal, then the solution for x 
blows up at the location of the brane = x*, so that the equation for H^^, is ill-defined 
due to the term proportional to p^PuX- Note that this term cannot be removed by a gauge 
transformation^. The aforementioned singularity is present even if the the manifold M.^ 
is flat: M.d = R-'^- Indeed, in this case x diverges as ~ |x — x 
~ ln(|x — x^,|) for d = 2. The same is true for a general smooth Aid 
we also have a similar singularity. 

There are two points that arise due to the aforementioned singularity. First, it is clear 
that the linearized approximation breaks down. However, the second point might be relevant 
for addressing the former. Thus, we expect that ultra-violet physics should smooth out 
singularities of this type. One way this can happen is if the brane is not strictly (5-function- 
like, but has finite width. Let us discuss this possibility in a bit more detail. For simplicity 
we will focus on the case where the manifold Add is flat: Aid = R'^- 



Note that this term does not affect tlie coupling of the graviton H^i, to the brane matter as 
p^T^y{p) = for such matter. However, this term can be probed by bulk matter as p^T^y^^{p) 
need not be zero. 
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C. A Non-zero Thickness Brane 



Smoothing out the brane in the presence of gravity is non-trivial. Thus, as was originally 



pointed out in ||33|, not only do we expect the Einstein-Hilbert term to be generated on 
the brane, but also other terms, in particular, those involving the graviscalar as well as 
graviphoton components. Moreover, we actually expect that an infinite series of non-local 
terms will be present on the brane. Various non-trivial issues arise in this context, which 
are outside of the scope of this paper, and will be discussed elsewhere |3^0. However, a 
simple prescription for smoothing out the brane, which we will discuss in a moment, will 
suffice for our purposes hereQ. 

Thus, we will simply replace the (5-function-like brane S, which is a point-like object in 
Aid, by an extended object S in Aid- The corresponding action now reads: 

S = M^-^-^ d^x f'^\x' - x\) 4^ R + j d^x R . (59) 

Here f^'^\x'^—x\) is a (i-dimensional distribution, which replaces the d-dimensional 5-function 
The {D — c?) -dimensional Ricci scalar R is constructed from the {D — d)- 
dimensional metric G^p = Gfj_u{x'^ ,x^), where the extra rf-dimensional coordinates x^ are 
treated as parameters (in particular, note that R does not contain derivatives w.r.t. a;*). 
Similarly, the coupling to brane matter is given by the term 

^int = lj~d''x f'K^' - <) T^^H^'' , (60) 

where the energy-momentum tensor for the brane matter is conserved in the {D — d)- 
dimensional sense 

d^'T^u = , (61) 

and is independent of the coordinates x*. 

A straightforward guess for smoothing out the brane would be to choose S to be a 
(i-dimensional object in Aid- This is equivalent to replacing the dimensional 5-function 
by a smooth distribution f^'^\x'^ — xl). In particular, we could consider a radially 
symmetric smooth distribution: f^'^\x^ — xl) = fi{r), where r = |x — A simple example 
of such a distribution would be (here 9{z) is the Heavyside step-function) 

h{r) = ^^eie-r) , (62) 



Smoothing out the brane was also discussed in |3C]. 

^^One might expect that the aforementioned additional terms are suppressed by the brane thick- 
ness. However, ignoring at least some of such terms might not be justified due to the singularities 
arising in the (5-function hmit. In fact, in the following we will argue that it appears to be necessary 
to include some of such terms for consistency. 
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where Vd is the volume of a d-dimensional ball with unit radius. Here e plays the 
role of the brane thickness. In this case E is a (i-dimensional ball of radius e in Aid- 
However, it is not difficult to show that, whatever our choice for the smooth d-dimensional 
distribution f^'^^x^ ~ the resulting system suffers from the presence of an infinite tower 
of tachyonic modes. In fact, these modes correspond to the "radion" x- This can intuitively 
be understood from the fact that x (as well as the trace of H^iy) couple to the interior (in 
Aid) of such a smooth brane with the sign opposite to that of the traceless part of -ff^j/. In 
Appendix B we illustrate this in the case of the distribution /i(r) given by (|62D. 

This implies that S cannot be a ci-dimensional object in Aid- On the other hand, its 
dimension d in Aid should not be smaller than {d — 1) - indeed, if d < (rf — 2), we still expect 
singularities of the type discussed in the previous subsection to be present. This suggests 
that S should be an object of dimension d = {d — 1) in Aid- In fact, in this case we expect 
no singularities to be present. This is suggested by the fact that there are no singularities 
in the case of a codimension-1 brane in infinite- volume extra space 0. 

We will therefore replace the (i-dimensional ^-function S^'^\x^ — x* ) by a singular distri- 
bution such that it is smooth in {d—1) dimensions, and has a 5-function-like singularity 
in the remaining one dimension. A simple example of such a distributions, which we will 
adopt in the following, is given by: 

fir) = - e) , (63) 

where ad-i is the area of a (c? — l)-sphere S'^"^ with unit radius. In this case S is a (c? — 1)- 
sphere of radius e in Aid- As we will see in the following, such partial smoothing out of the 
brane gives a consistent model in the present context. 
Thus, we can rewrite our action (ISDI) as follows: 



S = M^-'^-^ J d^x f{r) \[^ R + j d^x R , (64) 

and the coupling to brane matter is given by: 

^int = \j d^^x f{r) T^^H^- . (65) 

The background solution is unaffected, and we can still choose it so that the entire D- 
dimensional space is flat. The linearized equations of motion are given by (|38D with the 
(i-dimensional ^-function ^('^^(a;* — x\) replaced by f{r). It is straightforward to solve these 
equations (as before, the graviphoton components are vanishing, while the graviscalar com- 
ponents obey 



(66) 



d-2 d-2 



H = = -^^M|-^T(p)$ . (67) 

Here $, S and $ are the solutions to the following equations 
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Pis 
2^ $ 



l + LV$]/(r) . 
$ + LVs] /(r) 

1 - kLV^I /(^) 



(68) 
(69) 
(70) 



subject to the condition that $, S and $ decay to zero away from the brane (in the following 
we will focus on the cases d > 2, where this is true even for the = modes). Here we 
have introduced the notation 



{d-l){D -d-2) 
D-2 



(71) 



to simplify expressions containing 

With the choice (|63D for the distribution function /(r), we can solve for E and $ in 
terms of elementary functions for d = 3. Since in higher ci the qualitative conclusions are 
the same as in ci = 3, let us focus on this case. In Appendix C we treat the general d > 2 
case. 



The d = 3 Case 



To solve for $, S and $, it is convenient to Wick rotate to the Euclidean space. Let 
p = \pp^. We then have the following radially symmetric solution for $: 

^ / N e sinh(pr) 

$(r) = -^-^ , r < e , (72) 

L'^p^ sinh(pe) + arfe'^~^pexp(pe) r ' ' 

= ^exp(-p|r-^_ 

L'^p^ smh(pe) + arfe"^ ^pexp(pe) r 

Next, the radially symmetric solution for S is given by: 

S(r) = $(e) $(r) . (74) 
Finally, the radially symmetric solution for $ is given by: 

%.i \ ^ sinh(pr) ^ 

KL°-p^ ^mSi\j)e) — atie"- ^pexp(pe) r 
$(r) = e^v^Kv^) exp(-p[r-e]) ^ 

kL'^P^ sinh(pe) — a^e'^ ^pexp(pe) r ' 

Unlike the solution for $(r), the solution for $(r) has a pole. Here we would like to discuss 
this point in a bit more detail. 

Thus, the pole in $(r) is located at p = p*, where 

2a ^d—\ 

[1 - exp(-2p,e)] = ^ — • (77) 
Suppose the brane thickness e is small: e <^L. Then we have: 
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As we will see in the following, is of order of the cross-over scale Pc above which gravity is 
{D — (i)-dimensional, while below this scale it is expected to become D-dimensional. Thus, 
around the cross-over scale we have a single pole in the radion propagator (and, consequently, 
in the graviton propagator). In fact, this pole is tachyonic. Thus, consider the equation of 
motion for x in the absence of the brane matter: 

i^m-p')x = -^Lyxf{r) ■ (79) 

Let us work with Minkowski momenta p^. We have a continuum of modes with p"^ < 0. 
These are massless and massive modes. However, we also have an isolated quadratically 
normalizable tachyonic mode with mass squared ml = —pi, which is given by: 

, , ^ sinh(»^r) . . 

X*{r)=C r<e, 80 

r 

/ N ^ • T/ N exp(-p4^-e]) /o,\ 
X*(r) = C smh(p,e) ' , r > e , (81) 

r 

where C is a constant. 

At first it might seem that the presence of a tachyonic mode implies an instability in the 
system. However, as we will now argue, our approximations cannot be trusted at momenta 

< Pc, where we have defined the cross-over scale 

A - ^ . (82) 

Indeed, as we have already mentioned, we have ignored an infinite series of non-/oca/ terms on 
the brane, which are expected to be generated once we smooth it out. In particular, we have 
ignored an infinite number of non-local terms containing powers of the inverse momentum 
squared (in the momentum space): 

These terms are expected to be suppressed by the brane thickness e. In fact, the expansion 
parameter is expected to be p1/p^: 

(84) 

For momenta p^ ^ pi these terms can be safely ignored. However, in the infra-red, that is, 
for the momenta p^ ^ pI, an infinite number of such non-local terms becomes important. 
We may then expect that the aforementioned tachyonic instability is an artifact of dropping 
such non-local termd^. 




^^Here we note that, had we chosen a smooth d-dimensional distribution such as (32), we would 
have had an infinite tower of such tachyonic modes (see Appendix B for details). In this case it is 
less clear how the aforementioned non-local terms could remove all the tachyonic states. 
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Let us discuss this point in a bit more detail. Thus, consider the momenta <^ l/^^- 
Then we have: 

*(^) ^ -ji ' (85) 

^(e) ^ 4^ ' (86) 

^(^) ~ ' (87) 

where pi ~ Pc/'^- brane we therefore have: 



p"^ + pi ^ 

d ( ^d-2)pl + 2{d-l)pl\ T{p) 



(88) 



As we have aheady mentioned, we can trust our approximations for the momenta pi <^ 
p^ ^ 1/^^- Then on the brane we have: 



2+d~D 



pZ 



T{p) ( d p^p^^ 



- - 2 \ '^"^ d-l p2 



(90) 



, Af2+d-D 

This shows that both the momentum as well as the tensor structures of the graviton prop- 
agator on the brane are indeed {D — (i)-dimensional. On the other hand, for the momenta 
^ Pc above approximation is expected to break down. In fact, we can get a hint of 
what kind of non-local terms would be relevant for, in particular, removing the tachyonic 
state by expanding ( |g5D and ( |gPD in powers of pi/p^- Finally, note that the transverse- 
traceless components of iJ^^, in ( pSf ) behave as those of a massive {D — (i)-dimensional 
propagator with mass squared equal pi- 



D. Non-zero Tension Solutions 

For the following discussions it will be useful to understand the non-zero tension solutions, 
which we would like to discuss in this subsection. Thus, consider the following model: 

S = Mj^-^-^ J d'^-^x f{r) [i? - a] + Mi?-2 j v/Zg R . (92) 

Here 

T = M^-'^-^K (93) 
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plays the role of the brane tension. That is, in the ^-function limit r is the tension of the 
brane S, which is a point in the extra space Aid- 
The equations of motion read 



Rmn — -GmnR 



-G 



i^iiv (-R — A 







To solve these equations, let us use the following ansatz for the background metric: 

ds^ = exp(2A) ri^ydx^dx" + exp(2_B) Sijdx^dx^ , 
where A and B are functions of but are independent of x'^. We then have: 



pi/ 



2{A-B) 



d'diA + {D- d)d'AdiA + {d- 2)d'AdiB 



Rij = {d-2) [diBdjB - didjB] + {D ~ d) [diAdjB + djAd^B - diAdjA - didjA] 



R 



d^dkB +{d- 2)d^BdkB + {D- d)d^AdkB 



-2B 



2{d - l)&d,B + 2{D - d)d'diA + 



{d -l){d- 2)d'BdiB + {D-d){D-d + l)d'AdiA + 2{D -d){d- 2)d'AdiB 



(94) 



(95) 



(96) 



(97) 



(98) 



Here we are interested in radially symmetric solutions where A and B are functions of r. 
The equations of motion then read (here prime denotes derivative w.r.t. r): 



{d-2) 
(rf-2) 
{D-d) 



B" 



r\2 



B" + -B' 

r 



(D-d) 



2A'B' - {A'Y - A" + -A' 







^(rf-3)(5')^ + (rf-2)V 



A" + l(D-d+ l)(A'y + (d- 2)-A' + (rf - 3)A'B' 
2 r 



{D-d - I 
{d-l) 



A" 



i(Z} - d){Af + {d- l)^A' +{d- 2)A'B' 



B" + -(d-2)(B')'' + (d-l)-B' 
2 r 



^e(2-^)^f/(r) 



(99) 



(100) 



;ioi) 



where f = t/M^''^. 

Here we are interested in solutions with infinite volume extra dimensions^. In d = 2 



there is a simple solution of this type with A = 0. This solution was studied in Here 
we will focus on the d > 2 cases. We can write down approximate solutions for small brane 
tension. Thus, let 



r = 7e 



d-2 



(102) 



^^For any d there exists a simple solution with ^ = 0. However, in this solution the extra space 
has finite volume for d > 2. 
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where the dimensionless parameter 7 is smaU: 7 <^ 1. Then it is not difficult to see that 
we can drop terms non-hnear in A' and B' (assuming that we are looking for solutions non- 
singular at r = such that A and B asymptote to constant values at r — 00). In particular, 
the corrections due to the non-linear terms in this case are suppressed by powers of 7. The 
above equations then simplify as follows: 

D — d , ^ 

(103) 



B' 



d 



2 ' 



A" + {d-l)-A' 



d-2 



7 



r D-2 2ad-ie 



e(2-'^)S5(r-e) 



(104) 



The solution is given by (here we have fixed the integration constants so that both A and 
B vanish on the brane): 

1 



A{r) 



B(r) 



7 



2{D - 2 
D-d 



9{r 



d-2 



A{r) 



(105) 
(106) 



Note that A and B are constant for r < e. In particular, these solutions are non-singular, 
and the D-dimensional space-time becomes flat as r — >■ cx). 

We would like to end this subsection with a few remarks. To find exact solutions, one 
can proceed as follows. Consider the sum of ( ^9]) and (|100|) : 

^-'^-1^a'Y + Ia' + 2A'b' 



{d-2) 



r\2 



-B' 



(D-d) 



d 



. 



(107) 



Note that this equation does not contain second derivatives of A and B. The solution for 
B' is given by: 



1 D-d 

B' = A' ± , 

r d-2 \ 



{d-l){d-2) 



(108) 



To obtain solutions with infinite-volume extra space we should choose the plus root in the 
above solution. The non-singular solutions that asymptote to a fiat space then have the 
property that A and B are constant for r < e. That is, the space inside of the {d— l)-sphere 
of radius e is actually fiat. This will be important in the following. 

Finally, let us note that in ci = 2 we have substantial simplifications, and it is not difficult 
to solve the equations for A and B exactly. In particular, as was recently discussed in | ]32| |, 
in (i = 2 we have a solution where the D-dimensional space-time is a product of the {D — 2)- 
dimensional Minkowski space-time and a 2-dimensional extra space with a deficit angle (in 
the (5-function limit this is a 2-dimensional "wedge" with a conical singularity at the origin, 
while in the case of a smoothed out brane the 2-dimensional extra space is non-singular). In 
this example, which we discuss in Appendix D, one can explicitly see that, in the appropriate 
regime, we reproduce (D — 2)-dimensional gravity on the brane even for non- vanishing brane 
tensiorQ. 



^^A similar analysis in the d > 2 cases will be presented elsewhere [Esl 
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E. Brane Thickness in Orientiworld 



Up to various subtleties mentioned in the beginning of subsection C, following we can 
expect that, above the cross-over scaleQ 



^^^^ ^ (109) 



D-2 ^d-2 



all the way down to the scales of order of the brane thickness e, gravity on the brane is 
{D — (i)-dimensional. 

In the orientiworld context we have D = 10, d = 6, and [qs is the string coupling): 

Ml ~ M!/g', . (110) 

We, therefore, have: 

Mp 1 . . 

Phenomenologically we must require that Mp is the four-dimensional Planck scale: Mp ~ 
10^^ GeV. Let us also require that the cross-over scale is at least as large as the present size 
of the observable Universe, that is, the Hubble size th ~ 10^^ cm. Then r^Mp > 10^°. We 
will also assume that the string coupling ~ 1. Then we have the following upper bound 
on the brane thickness: 

m Mp , , 

e<10-^°^. (112) 

s 

The phenomenological lower bound on Mg is Mg > TeV. This then implies that the lower 
bound on the brane thickness is 

e < 1/Mp . (113) 

This lower bound is saturated when 

e ~ 1/Mp : M, ~ TeV , ~ r^^ . (114) 

If Mg is much larger than TeV and/or if Tc is much larger than th, then e must be much 
smaller than the inverse four-dimensional Planck scale. 

If e is non-zero, we expect that 1/e corresponds to some threshold scale in the theory. In 
particular, this ultra-violet threshold must be responsible for smoothing out the aforemen- 
tioned singularities. It is not unreasonable to expect that the ultra-violet physics that is 
responsible for smoothing out these singularities should not be unrelated to the ultra-violet 



^"^This formula is correct for d > 2. For d = 2 we have a logarithm of e in the expression for Tc. 
See Appendix C for details. 
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physics that is responsible for generating the four- dimensional Einstein-Hilbert termQ. If so, 
then the aforementioned bound should be saturated, and we have ( |114| ). That is, the string 
scale is around TeV, and gravity becomes higher dimensional at the present Hubble size. 
Clearly, such a scenario would have very important experimental implications. In particular, 
the string excitations could be observable at LHC On the other hand, the fact that gravity 
undergoes a transition from being 4-dimensional to being higher dimensional would have 
important cosmological implications. For instance, one might attempt to use this to explain 
an accelerated Universe with vanishing 4-dimensional cosmological constant as in ||36|| . 

Now we come to the key question. What is the ultra-violet physics responsible for gener- 
ating the four-dimensional Einstein Hilbert term and smoothing out the brane? Moreover, 
how can the corresponding threshold be so much higher than the string scale? The next 
section is devoted to discussing these issues. 

IV. FOUR-DIMENSIONAL EINSTEIN-HILBERT TERM IN ORIENTIWORLD 

Let us understand the origin of the four- dimensional Einstein-Hilbert term in the orien- 
tiworld context. If we have a non-conformal field theory on D3-branes, and the field theory 
description is adequate up to some threshold scale A, which we will refer to as the ultra-violet 
cut-off scale, then from the four-dimensional effective field theory viewpoint we expect that 

M|, ~ A^ . (115) 

Thus, we must understand what A is in a given orientiworld setup. To do this, we will start 
from a simple M = 2 supersymmetric model, and then move onto non-conformal M = 1 
models discussed in subsection D of section II. 

A. A Simple J\f = 2 Example 

As we discussed in subsection C of section II, non-compact M = 2 orientiworld models 
are all conformal. Here we would like to discuss a non-conformal model. This can be done 
in a setup where two of the six extra dimensions are compact. 

Thus, consider Type IIB on x (C^/F). For simphcity we will take a square 2-torus 

x*~x* + 27rr, i = l,2. (116) 

We will assume that ^ a' . The orbifold group F can be an appropriate subgroup of 
SU{2). Here we would like to discuss orientifolds of such backgrounds containing 03-planes. 
For simplicity we will focus on the cases where we have no 07-planes. Then F = Zm , where 
M is odd. The choice of M is not going to be critical here, so for illustrative purposes we 



^^Otherwise we would have to have three different threshold scales in the theory: Mg <C Mp <C 1/e. 
Note that we could assume that Mg ~ Mp. Then we would have to have an ultra-high threshold 
scale 1/e > W^Mp. 
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will take the simplest example: F = Z3 = {1,6',^^}. The twist 9 acts as follows on the 
complex coordinates ^2,-2^3 on C^: 



6 : Z2 ^ 0JZ2 , 9 : z^^ uj ^z^ , (117) 

where uj = exp(27r2/3). 

Now consider the QJ orientifold of Type IIB on x (C^/F), where J acts on the complex 
coordinates Zi, Z2, z^ as follows {zi = + ix^ is the complex coordinate on T^): 

J : Za —>■ —Za , a = 1, 2, 3 . (118) 

Note that J has four fixed points in x (C^/F). These are located a.t Z2 = z^ = and 

{x\x^) = (0,0) , (7rr,0) , (0, vrr) , {nr,nr) . (119) 

We will place an 03^-plane at each of these points. 

The twisted closed string states have non-trivial couplings to the orientifold planes, which 
gives rise to tadpoles. To cancel the tadpoles we must introduce D3-branes. The number 
of these D3-branes is arbitrary. We can cancel tadpoles locally at each 03~-plane if we put 
(3n + 2) D3-branes on top of each of the 03~-planes and choose the twisted Chan-Paton 
matrices as follows 0: 

7g = diag(u;/„, 4+2) , (120) 

where / labels the four 03^-planes. On each of the four sets of D3-branes we then have 
a conforma^ Af = 2 gauge theory with the gauge group SU{n) ® SO{n + 2) and matter 
hypermultiplets transforming in (A, 1) and (n, n + 2) (we have dropped the U{1) factors for 
the reasons discussed in subsection C of section II), where A is the two-index anti-symmetric 
representation of SU{n) (whose dimension is n{n — l)/2). 

We can, however, obtain a non-conformal D3-brane gauge theory if we cancel tadpoles 
only globally and not locally. Thus, let us place (3A^ + 8) D3-branes on top of the 03~-plane 
located at the origin of T^, and place no D3-branes on top of the other three 03~-planes. 
We can cancel the twisted tadpoles globally if we choose the twisted Chan-Paton matrix 
acting on the D3-branes as follows 0: 

7e = diag(u;/Ar, u'^In, In+%) ■ (121) 

The D3-brane gauge theory is then a non-conformal M = 2 gauge theory with the 
gauge group SU{N) ® SO{N + 8) and matter hypermultiplets transforming in (A, 1) and 
(N, N -|- 8), where A is the two-index anti-symmetric representation of SU{N). 

As we discussed in subsection C of section II, the massive string thresholds do not con- 
tribute into the four- dimensional gauge coupling renormalization. The four-dimensional field 
theory description is therefore adequate up the the open string winding threshold |0,|23J25 



[see Appendix A for details), whose mass is given by r/a'. The four-dimensional gauge 
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More precisely, these gauge theories are conformal at low energies - see below. 
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theory cut-off, therefore, is given by (up to a dimensionless numerical coefficient, which is 
subtraction scheme dependent): 



A ~ — . (122) 
a! 

Our field theory intuition then tells us that the induced 4-dimensional Planck scale should 
be 

Mp^ k^— . (123) 
a! 

Let us now see this in the string theory language. 

Note that the global tadpole cancellation guarantees that we have no tree-channel infra- 
red divergences. However, unless the twisted tadpoles are canceled locally, we do have 
tree-channel ultra-violet divergences (which correspond to the loop-channel infra-red diver- 
gences). These divergences are logarithmic in the renormalization of the gauge couplings 
for massless D3-brane gauge bosons. That is, the loop-channel ultra-violet and infra-red 
divergences in the gauge coupling renormalization are not identical in this background. This 
is possible because, even though the massive string excitations still do not contribute into 
the corresponding amplitudes, the massive open string winding states do as they are BPS 
states (this effectively introduces the ultra-violet cut-off A in the loop channel). In the tree 
channel this corresponds to non-vanishing contributions from massive Kaluza-Klein modes 
of twisted closed string states, which give rise to tree-channel ultra-violet divergences. 

What about the graviton kinetic term on the D3-branes? Actually, the four- dimensional 
Einstein-Hilbert term receives contributions both from the open as well as closed string 
diagrams with two external graviton lines. Let us discuss this in more detail at the one-loop 
order. First consider the torus amplitude (this is the genus- 1 amplitude with no boundaries 
or cross-caps). Massless as well as massive closed string states run in the loop. The untwisted 
closed string states renormalize the 10-dimensional part of the effective action. The twisted 
closed string states could a priori give rise to a six- dimensional Emstem-HilheTt term (among 
other terms) localized at the orbifold fixed point: 



Mp j d^x V-G R . (124) 

However, the contribution to the 6-dimensional Planck scale Mp Mg due to the twisted 
closed string states propagating in the closed string loop actually vanishes. This follows from 
the general result of [^], where it was shown that in Type II string theory on R^'^ x A4e, 
where A4q is some (compact or non-compact) Ricci-flat manifold, the one-loop contribution 
to the four- dimensional Planck scale is proportional to the Euler characteristic of A^e- In 
our case the latter vanishes, hence the above conclusion. This, in turn, can be related to 
the fact that before orient if olding in the closed string sector we have 16 supercharges. 

Next, let us consider the Klein bottle contribution to Mp. Let us first discuss con- 
tributions coming from the twisted closed string states running in the loop channel. Such 
contributions actually vanish. This is because only left-right symmetric states can contribute 
into the Klein bottle, while the twisted closed string states are not left-right symmetric. In 
particular, note that the orientifold projection Q does not commute with the twist 6 ||37|| : 
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(125) 



This, in particular, implies that the twisted closed string ground states are not left-right sym- 
metric, so the twisted closed string states do not contribute to the Klein bottle amplitude. 
However, the untwisted closed string states running in the loop channel do contribute into 
Mp H. One way to see this is to go to the tree channel. In the tree channel these contribu- 
tions correspond to both untwisted as well as twisted exchanges. The former only renormal- 
ize 10-dimensional terms. However, the latter give rise to a six-dimensional Einstein-Hilbert 
term (among other terms). The corresponding contribution to the six-dimensional Planck 
scale Mp is of order M^. Upon compactification on this translates into the following 
contribution to the four-dimensional Planck scale Mp-. 

Mp(27rr)2 ~ ■ (126) 

In particular, this is consistent with our field theory intuition. 

Let us now discuss the open string one-loop amplitudes. An important point here is 
that we can attach the external graviton lines anywhere on the tube. In particular, there is 
nothing singular about attaching these lines to the boundaries or cross-caps. Thus, if we do 
so, we do not change the Chan-Paton structure of the amplitude. In fact, the correct way of 
thinking about these amplitudes is that we consider all possible positions for the insertions, 
and then integrate over these positions. It is then clear that the untwisted annulus and 
Mobius strip amplitudes (that is, those with the untwisted Chan-Paton matrix 71 acting on 
a boundary) can only contribute to the renormalization of the 10-dimensional terms. On 
the other hand, the twisted annulus and Mobius strip amplitudes (that is, those with the 
twisted Chan-Paton matrix 7^ or 792 acting on a boundary), can only contribute to the 
6-dimensional Planck scale, and this contribution is of order Mf. In particular, there is 
no truly 4-dimensional Einstein-Hilbert term coming from these contributions. Since the 
coordinates are compact, we once again obtain a contribution of order ( |126| ). That is, the 
4-dimensional Planck scale is of order 



which is consistent with the field theory expectation ( |122|) . 

Note that if we decompactify the torus (r —>■ 00), the 4-dimensional Planck scale goes 
to infinity. The D3-brane field theory remains non-conformal in this case. This might 
appear to contradict our earlier claims that all non-compact Af = 2 models are conformal. 
Actually, there is no contradiction here. Indeed, even though we took the other three 
03^-planes to infinity, they do not decouple as the twisted closed string states that couple 
them to the D3-branes propagate in two extra dimensions, and the massless 2-dimensional 
Euclidean propagator is logarithmically divergent at large distances. Since the tadpoles are 
not canceled locally in this background, the D3-brane theory becomes infinitely strongly 
coupled. One can see this from the effective field theory viewpoint by noting that, if we 
assume that the SU{N) and S0{N + 8) gauge couplings are finite at any finite energy scale, 
the former blows up at some higher but finite scale (Landau pole) once we take the cut-off 
A to infinity (which is what happens when we take r to infinity). 
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Let us now go back to the case where we cancel all tadpoles locally. The low energy 
theory on each set of D3-branes is then conformal. Note, however, that at finite r we 
have a finite 4- dimensional Planck scale. Thus, we have a contribution from compactifying 
the 6-dimensional Einstein-Hilbert term, which comes from the closed string Klein bottle 
amplitude as well as the open string annulus and Mobius strip amplitudes, on T^. In 
particular, even though the D3-brane low energy effective field theories are conformal, the 
open string annulus and Mobius strip amplitudes do contribute into the six- dimensional 
Planck scale as we have a tower of massive open string excitations^. Now we come to one of 
the key points of our discussion here - in the decompactification limit, even in the conformal 
case, the 4-dimensional Planck scale is not zero but infinite. This is due to the fact that, 
in these backgrounds it actually comes from the compactification of the six- dimensional 
Einstein-Hilbert term localized at the orbifold fixed point. Also, note that in the conformal 
case, once we decompactify the 2-torus, the 03~-planes and D3-branes at the other three 
fixed points decouple from those at the origin. And gravity now decouples not because the 
4-dimensional Planck scale goes to zero but because it goes to infinity. 

Before we end this subsection, we would like to make the following remark. From the 
above discussion it might be tempting to consider a hybrid scenario with two extra dimen- 
sions (untouched by the orbifold) compactified on a large torus and four others non-compact. 
In particular, in this case we could take Mg ~ TeV, and obtain the desired four- dimensional 
Planck scale Mp ~ 10^^ GeV by choosing the size r of the two compact extra dimensions to 
be of order of a millimeter as in 0. However, to obtain the desired cross-over scale Vc, the 
brane thickness in this case would have to be extremely small. Thus, let us focus on dis- 
tance scales above the compactification size r. Then we can integrate out the compact extra 
dimensions, which leaves us with a model equivalent to having a 3-brane in 8-dimensional 
bulk. The 4-dimensional and 8-dimensional Planck scales are given by 



Following our discussion in subsection E of section HI, we then have the following relation 
between the cross-over scale and the brane thickness e: 



To have around or above the present Hubble size we must require that e is around or 
smaller than 10~^°Mp^, which would require a presence of a new ultra-high threshold 1/e 
in the theory. 



^'^Note that having a non-vanishing four-dimensional Planck scale upon compactification is not 
inconsistent with the fact that the low energy effective field theories on the branes are conformal. 
Indeed, we do have massive open string winding states in this case, which determine the four- 
dimensional effective field theory cut-off A (as the massive open string excitations do not contribute 
into the four-dimensional gauge coupling renormalization) . 



M| ~ My , 




(129) 
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B. A Conifold Example 



From our discussion in the previous subsection it follows that, if we consider an oriented 
background of Type JIB on C x (C^/Z2) in the presence of D3-branes, we have a six- 
dimensional Einstein-Hilbert term localized at the orbifold fixed point. The gauge theory on 
the D3-branes in this case is the M = 2 supersymmetric theory with the SU{N) ® SU {N) 
gauge group and matter hypermultiplets transforming in (N, N) and (N,N). Note that 
this theory is conformal. Moreover, there is no ultra-violet cut-off in the D3-brane gauge 
theory. This is because the string excitations do not contribute into the gauge coupling 
renormalization as they are non-BPS states (and we have M = 2 supersymmetry). That is, 
the ultra-violet cut-off A in the theory is actually infinite, so the four-dimensional Planck 
scale is also infinite. 

Now we would like to deform this theory so that it is no longer conformal. This can be 
done as follows. Note that the six- dimensional manifold M.q transverse to the D3-branes is 
a Ricci-fiat manifold with the metric 

ds^ = dr^ + r^-fa/sdy'^dy'^ , (131) 

where ja/B is a metric on a compact 5-dimensional Einstein manifold = S^/P (S^ is a unit 
5-sphere, J2a=i = 1), P = Z2, and the action of the generator R of Z2 on is given by 

Rzi = zi , i?22,3 = -2:2,3 • (132) 

Note that the fixed point locus of R in is a unit circle S^. We can deform the orbifold by 
blowing up this fixed circle. The resulting space Aie is Ricci-flat with the metric 

ds"^ = dr^ + r^japdy'^dy^ , (133) 

where 7^/3 is a metric on a compact 5-dimensional Einstein manifold 3^5 = T^'^ = {SU (2) x 
SU{2))/U{1) [^]. The blow-up breaks supersymmetry from Af = 2 down to A/" = 1. In 
particular, in the low energy action it corresponds to adding a mass term to the adjoint 
chiral Af = 1 supermultiplet in the Af = 2 vector multiplet. This mass term is odd under 
the interchange of the two SU{N) subgroups as the twisted closed string modes associated 
with the blow-up are odd under the Z2 twist. We therefore have for this mass term [HO]: 



m 
2" 



Tr ($2^ -Tr($2)] , (134) 



where $ and $ are the aforementioned adjoint chiral Af = 1 supermultiplets corresponding 
to the first and the second SU{N) subgroups, respectively. 

Let us decompose the original matter hypermultiplets in terms of the Af = 1 chiral 
supermultiplets: 

A, = 2x(N,N), 5, = 2x(N,N), a = 1,2. (135) 
In the original Af = 2 model we have the following superpotential (in the Af = 1 language): 
W = ^Tr [$ {AiBi + ^2^2)] + ^Tr [$ {BiAi + B2A2)] , (136) 
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where g is the Yang- Mills gauge coupling. Integrating out the fields $, $, we obtain the 
following effective superpotential 

Weff = 1^ [TiiA.B.A^B^) - TiiB.A.B^A^)] , (137) 
2m 

which is non-renormalizable. In the infra-red the A/" = 1 supersymmetric SU{N) ® SU (N) 
gauge theory with chiral matter supermultiplets Aa and Ba flows into a superconformal fleld 
theory which is what we expect from the AdS/CFT correspondence ||4l|- ^ , |T2| ,|5|,|6|, |40| , ^ . 
The above superpotential at the infra-red flxed point becomes a marginal deformation giving 
rise to a line of flxed points 

Even though the above blown-up theory is conformal in the infra-red, it is not a conformal 
theory. In particular, we have a massive threshold m in the theory. Note that at the 
energy scales much higher than m (that is, in the ultra-violet) the fleld theory once again 
becomes conformal - it is simply described by the original Af = 2 superconformal fleld theory. 
However, since the blown-up theory is not conformal, as was originally pointed out in ||29| , 



we expect the Einstein-Hilbert term to be generated on the D3-branes. Here we would like 
to understand what the corresponding four- dimensional Planck scale should be. 

To begin with, note that the blown-up space Ai^ is a conifold, and the D3-branes are 
located at the conifold singularity. In particular, we no longer have an orbifold singularity. 
Let the blow-up size be e. Then we have 

m ~ . (138) 
a' 

Let us assume that <^ a'. Then we have <^ M^, so that the massive adjoint chiral 
multiplets lie way below the string scale, and we should be able to trust the world-sheet 
expansion. The contribution of the low-energy fleld theory modes into the four- dimensional 
Planck scale Mp is then expected to be of order m^. This, however, is not the end of the 
story. The key point here is that we now have A/" = 1 supersymmetry, so the massive string 
excitations do contribute into the gauge coupling renormalization. Note, however, that each 
massive level is expected to give a threshold contribution of order 

2 

m 

Ml • 

Indeed, in the limit m ^ these threshold contributions should vanish as in this limit the 
M = 2 supersymmetry is restored. This, in particular, implies that the gauge theory cut-off 
A is not of order Mg (the lowest string excitation), but higher. In fact, we can estimate this 
cut-off as follows. We expect the ultra-violet cut-off in the gauge theory to be of order of 
the energy scale such that the combined contribution of the massive string thresholds lying 
below this scale becomes of order 1. Let be the corresponding string level. Then we have: 



^^If we do not impose the Z2 symmetry under the interchange of the two gauge groups, we then 
have a fixed surface, where the second marginal deformation corresponds to the difference between 



the kinetic energies of the two SU{Nys [40|. 
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m 

, . 1 

* M2 ' 



(140) 




(141) 



Thus, the four-dimensional Planck scale 



1 



(142) 



Mp 



e 



Note that this is consistent with our expectation that in the conformal limit e — > we must 

have Afp — > cxD. 

We can understand this result intuitively in the following way. In the conformal case 
(that is, before blowing up the orbifold) the annulus and Mobius strip amplitudes actually 
give finite contributions to the 10-dimensional and 6-dimensional Planck scales depending 
on whether a given amplitude is untwisted or twisted. But there is no truly four-dimensional 
Einstein-Hilbert term. If, as in the previous subsection, we compactify the two extra dimen- 
sions untouched by the orbifold, then we have a finite four-dimensional Planck scale which 
goes to infinity in the decompactification limit. 

Let us now discuss what happens once we blow up the orbifold (in the^ case where 
all six extra dimensions are non-compact). Note that the transverse space Ale is smooth 
everywhere except for the conifold singularity (where the D3-branes are located). Attaching 
the external graviton lines to boundaries in, say, the annulus amplitude now is special 
as this amounts to attaching these lines at the conifold singularity. In particular, if the 
locations of the external insertions are away from the conifold singularity, such diagrams 
only renormalize the bulk operators. On the other hand, if the locations of the external 
insertions coincide with the conifold singularity, the corresponding diagrams renormalize 
the 4-dimensional Planck scale (among other terms). 

Let us now understand the size of the cut-off A. Recall that in the orbifold background 
the infra-red and ultra-violet divergence structures are identical. The blow-up modifies the 
background, but since the blow-up size e is small, at the leading order the relation between 
the infra-red and ultra-violet effects remains intact. Thus, let us consider the loop-channel 
infra-red physics. The blow-up introduces the infra-red scale m in the loop channel. This 
translates into an ultra-violet scale 1/e in the tree channel. In particular, in the tree channel 
the ultra-violet effects become soft around this scale. In the tree channel this scale arises due 
to the closed string Kaluza-Klein modes associated with the blow-up. Since the tree-channel 
ultra-violet effects become soft around the scale 1/e, the brane thickness is expected to be 
of oder e (recall that, if the brane matter is non-conformal, the brane thickness is expected 
to be non- vanishing so that the divergences discussed in section 111 are smoothed out). 

Similarly, in the tree channel we have an infra-red cut-off scale m, which arises due to the 
fact that some of the twisted closed string states that are massless in the orbifold hmit are 
now massive with masses of order m. In the loop channel this translates into the ultra-violet 
scale A ~ 1/e. In particular, this implies that we have a massive open string threshold 
associated with this scale (which decouples in the orbifold limit). This open string threshold 
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is due to the fact that now the brane thickness is non-vanishing, so that we have a massive 
breathing mode with mass of order 1/e. 

Thus, as we see, the four-dimensional Planck scale in this example is controlled by the 
size of the blow-up. The reason why this is possible is that the blow up we are considering 
here is not a marginal deformation of the orbifold singularity in C x (C^/Z2) but a relevant 
one. Note that above we considered an oriented Type IIB background. However, we can 
generalize our discussion to the orientifold of Type IIB on C x (C^/Z2). Note that in this 
case we also have an 07-plane and 8 of the corresponding D7-branes. We will come back 
to unoriented conifold backgrounds in section VI, where we discuss some phenomenological 
applications of the orientiworld models. 

Before we end this subsection, let us make the following remark. To obtain the desired 
four- dimensional Planck scale Mp ~ 10^^ GeV, we must choose e ~ Mp^. Then, as we 
discussed in subsection E of section III, we must take Mg ~ TeV - in this case the cross-over 
scale rc rn (the present Hubble size), while for larger Mg Tc is smaller (and smaller Mg 
are phenomenologically disfavored). The infra-red scale m is then of order 10~^ eV (about 
an inverse millimeter). Here it is difficult to judge whether this is a worrisome feature or a 
bonus - the model at hand is not realistic, so we will have to postpone discussing this point 
until we have a more realistic looking model. 

C. Non-conformal J\f = 1 Models 

It is clear that in the M — 1 orientiworld models with V C SO{?>) the situation is similar 
to that in the A/" = 2 theories discussed in the previous subsections. Let us therefore focus 
on the cases with F C SU{'i) but F ^ 5*0(3). As we discussed in subsection D of section 
II, the D3-brane gauge theories in these models are always chiral and non-conformal. Let 
us therefore understand the origin of the four- dimensional Planck scale in these models. 

First, let us focus on the cases where all twists Qa & T have fixed point loci of real 
dimension (that is, F does not have a non-trivial subgroup which is also a subgroup of 
5*0(3), so F = Zm, where M is odd). Let us start with the closed string torus amplitude. 
The untwisted closed string states running in the loop renormalize 10-dimensional terms. 
However, the twisted closed string states give rise to a four-dimensional Einstein-Hilbert 
term (among other terms) localized at the orbifold fixed point: 

Ml J d^x R . (143) 

The corresponding contribution to the 4-dimensional Planck scale Mp ~ M^. As in the 
previous subsection, the Klein bottle amplitude also gives a contribution of the same order of 
magnitude into Mj,. This contribution is due to the untwisted closed string states running in 
the loop channel, while the twisted closed string states in the loop channel do not contribute 

Next, consider the one-loop open string amplitudes. The untwisted annulus and Mobius 
strip amplitudes renormalize the bulk terms. However, the twisted annulus and Mobius strip 
amplitudes now contribute to the renormalization of the four-dimensional Einstein-Hilbert 
term (as well as other terms). The corresponding contributions to the four-dimensional 
Planck scale Mp are of order M^. This is evident in the tree channel, while in the loop 
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channel this can be understood from the fact that the massive open string excitations in 
M = 1 backgrounds do contribute into the renormahzation of the D3-brane gauge couphngs, 
so that the uhra- violet cut-off A in the D3-brane gauge theory is of order Mg. 

Here we come to an important point. The D3-brane gauge theory is non-conformal. 
At the orbifold point we have no ultra-violet divergences in the open string loop channel 
(that is, we have no infra-red divergences in the tree channel) as all twisted tadpoles are 
canceled. However, we do have infra-red divergences in the loop channel, which translate 
into ultra-violet divergences in the tree channel. In fact, as we discussed in section HI, since 
the D3-brane gauge theory is non-conformal, and since the D3-branes are 5-function-like, we 
expect ultra-violet divergences to arise in the coupling between gravity and brane matter at 
the tree level. On the other hand, we also expect these divergences to be smoothed out. As 
we will now argue, blowing up the orbifold smoothes out these divergences^. 

Before we proceed further, let us discuss one important point concerning blowing up 
such orbifold singularities. For definiteness, here we will focus on a simple example, but our 
conclusions also apply to the general class of models we are discussing here. Thus, consider 
the = C^/r orbifold, where F = Z3, and the generator 9 of Z3 acts as follows on the 
complex coordinates Za, a = 1, 2, 3, on C^: 

9 : Za^ UJZa , (144) 

where uj = exp(27ri/3). We have a usual marginal blow-up in this orbifold. However, we do 
not have the analog of the relevant blow-up discussed in the previous subsection. Thus, we 
can view the above C^/Zs orbifold as follows. The metric on A^g is given by 

ds"^ = dr^ + r^-fapdy'^dy'^ , (145) 

where 7^/3 is a metric on a compact 5-dimensional Einstein manifold 3^5 = S^/Za. The 
generator 9 of Z3 has the same action on the coordinates Za on S^, J2a=i = 1; as in 
( |144|) . Note that 9 does not have a fixed point set on 3^5, that is, the manifold 3^5 is smooth. 
This is simply another way of stating the fact that the orbifold singularity in A^g is the 
same as the conifold singularity in Aie, so blowing up the orbifold singularity is equivalent 
to smoothing out the conifold. And the corresponding blow-up is marginal. 

The fact that the orbifold blow-up is marginal in this case implies that the blow-up 
does not introduce an infra-red cut-off in the tree channel, that is, there is no new ultra- 
violet threshold in the loop channel associated with the blow-up. In particular, the four- 
dimensional Planck scale Mp remains of order Mg even if we consider such a marginal 
blow-up. Here we are assuming that the blow-up size, call it A, is small: ^ a', so we 
can still trust the world-sheet expansion. Note that (unlike in the M = 2 cases discussed 
above) here the infra-red and ultra-violet divergence structures are different. This a priori 
allows to have an ultra-violet cut-off in the tree channel without having an infra-red cut-off 
in the tree channel. In particular, the blow-up provides such an ultra-violet cut-off in the 
tree channel - in the closed string sector we have a heavy Kaluza-Klein threshold of order 



^ The fact that we should blow up the orbifold in these backgrounds was also argued in 1 27.28] 
from a somewhat different angle. 
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1/A associated with the blow-up (according to our expectations in section III, the brane 
thickness is then of order A). In the loop channel this is expected to translate into an 
infra-red cut-off of order 

/X ~ ^ . (146) 
a' 

That is, after the blow-up we must have light open string states with masses of order [i. 
And we do. Indeed, in the gauge theory blowing up the orbifold corresponds to Higgsing 
along the F- and D-flat directions^ (this is because the blow-up is marginal), that is, to an 
appropriate deformation of the gauge bundle. The massive open string states resulting from 
this Higgsing then have masses of order /x. 

Note that in the above scenario we have Mp ~ M^, so both should be of order 10^^ GeV. 
Then, to have the cross-over scale not smaller than the present Hubble size, the blow-up 
size should be extremely small, not larger than lO^'^^Mp^. Then the scale \i is smaller than 
or of order 10~^ eV (about an inverse millimeter). 



D. More General Non-Conformal M = \ Models 

In the previous subsection we focused on the simple case where all twists in F have fixed 
point loci of real dimension 0. In a more general class of models we can also have twists 
with fixed point loci of real dimension 2. We would like to discuss this class of models next. 
In fact, as we will argue in the following, this class of models appears to be most suitable 
for the phenomenological goals we have been pursuing. 

Thus, consider the orbifold group F C 5*^7(3) but F (f_ 5*0(3) such that some twists in 
F have fixed point loci of real dimension 2. This then implies that there exists a non-trivial 
subgroup of F, call it F, such that F C 5*0(3) (in particular, F could be a subgroup of 
5'f/(2)). The elements of F that do not belong to F need not commute with the elements of 
F. However, for our purposes here it will suffice to assume that they do (our conclusions, 
however, will be applicable in the general case). In this case F = Zm x F, where M is odd, 
Zm C 5'f/(3) but T^ut SU{2) (it then also follows that Zm 50(3)). Let the generator of 
Zm be 9, while F = {gja = 1, . . . , |r|}. Then F = O'^g^k = 0, . . . , M; a = 1, . . . , |r|}. 
Note that in this case we can view the orientifold of Type IIB on C'^/T as the Zm orbifold 
of the orientifold of Type IIB on C^/T. 

Let us first discuss gravity in such a model before any blow-ups. The g^^ {a ^ 1) twisted 
sectors give rise to various 6-dimensional Einstein- Hilbert terms localized on the correspond- 
ing fixed points. More precisely, if F C SU{2), then these twisted sectors give rise to only 
one type of the 6-dimensional Einstein-Hilbert term, while if F ^Z^ 5f/(2), then we have more 
then one types of 6-dimensional Einstein-Hilbert terms (with the extra two dimensions iden- 
tified with the corresponding fixed point loci). The 9^g^, 7^ 0,a 7^ 1, twisted sectors can 
also give rise to 6-dimensional Einstein-Hilbert terms, but need not depending upon a par- 
ticular orbifold group. If they do not, then they give rise to a 4-dimensional Einstein-Hilbert 



^^In the orientifold model, which we review in the next section, the F- and D-flat directions 



were discussed in detail in |48] 
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term. Finally, the 6^. k ^ 0, twisted sectors contribute to the 4-dimcnsional Einstein- Hilbert 
term. The important point here is that we always have at least one type of a 6-dimensional 
Einstein-Hilbert term present in such backgrounds. Note that the 4-dimensional Planck 
scale Mp ~ M^, and the 6-dimensional Planck scale Mp ~ Mg. Suppose we blow up the 
fixed point at the origin of C^/P, which is associated with the Zm orbifold. The brane 
thickness is then of order of the corresponding marginal blow-up size A. 

Since we have 6-dimensional Einstein-Hilbert terms, before we discuss the cross-over 
to the 10-dimensional gravity, we must discuss a possible cross-over to the 6-dimensional 
gravity. However, since we do not have a tree-level infra-red cut-off in these backgrounds, 
following our discussion in subsection 2 of Appendix C, we conclude that we do not have a 
cross-over to the 6-dimensional gravity. The cross-over to the 10-dimensional gravity then 
goes as in the previous subsection. In particular, we must have an extremely small A in this 
case. 

The above scenario, however, is not the only possible one. In particular, we can utilize 
the fact that, as we discussed in subsection B, in some cases we have relevant blow-ups of the 
orbifold singularities associated with the twists For illustrative purposes let us consider 
a simple example here. Thus, let P = Z2, and let P = Z3 x Z2, where the generators 6 and 
R of Z3 respectively Z2 have the following action on the complex coordinates Za on C^: 

9za = ujZa , a = 1, 2, 3 , (147) 

Rzi = Zi , RZ2,3 = -Z2,3 . (148) 

The metric on Aig = C^/P is given by: 

ds^ = dr^ + r'^-fapdy'^dy^ , (149) 

where 7q,^ is a metric on a compact 5-dimensional Einstein manifold 3^5 = S^/P. The 
generators 9 and R have the same action on the coordinates Za on S^, Yj^a=i l-^aP — 1; ^ 
above. The fixed point locus of the twist R in is a unit circle S^: l^ip = 1. The action 
of the twist 9 on this fixed circle is given by 9zi = uzi, so the Z3 orbifold simply reduces 
the size of this circle by a factor of 3. We can therefore consider a relevant blow-up of 
this circle as in subsection B. After this blow-up, whose size we will denote via e, we no 
longer have a 6-dimensional Einstein-Hilbert term. Rather, both the Z3 and the blown-up 
Z2 orbifolds contribute into the 4-dimensional Planck scale. These contributions, however, 
are very different. Thus, from our previous discussions it should be clear that at the one-loop 
order the contributions of the Z3 (as well as Zg) twisted sectors into the 4-dimensional Planck 
scale Mp are of order M^ . However the contributions from the blown-up Z2 orbifold are of 
order 1/e^, so assuming that <^ a', we have the following estimate for the 4-dimensional 
Planck scale: 

Mp ~ ^ . (150) 

Let us also blow up the Z3 singularities (this blow-up is marginal). We will choose the 
corresponding blow-up size A ~ e. It is then clear that the brane thickness is of order e. 
Now we can take Mg ~ TeV and obtain the cross-over scale (to the 10-dimensional gravity) 
of order of the present Hubble size. The infra-red scales 
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m ~ ^ , (151) 
a' 

A , , 

152 

a' 

in this case are both about an inverse milhmeter. 

Thus, as we see, in this case the situation is similar to that discussed in the M = 2 models 
in subsection B except that here the D3-brane gauge theories are non-conformal even in the 
orbifold limit. That is, one might hope to construct various realistic looking non-conformal 
chiral M = 1 models in this context. We will discuss such models in section VI. 

Before we end this subsection, the following remark is in order. Since we are discussing 
M = 1 models, we expect that the D3-brane gauge theory cut-off A is or order Mg. It might 
then appear surprising that Mp ^ M^. However, the key point here is that there are actually 
two ultra-violet cut-offs in such backgrounds. One is A ~ M^, and another one is A' ~ 1/e. 
In particular, if we view the low energy modes as parts oi M = 2 multiplets corresponding 
to the C^/Z2 model, we expect that the massive string thresholds will contribute to the 
gauge coupling renormalization up to the scale A'. However, the fact that we do not have 
complete Af = 2 multiplets implies that it makes no sense to talk about the gauge coupling 
renormalization beyond the scale A, which is determined by the truly Af = 1 supersymmetric 
massive string excitations that contribute to the gauge coupling renormalization starting at 
the lowest such excitation. In other words, the gauge theory cut-off is given by A as we have 
a tower of massive open string states starting at around Mg, while the four-dimensional 
gravitational cut-off is given by A', and gravity is weak all the way up to Mp. This is in 
some sense analogous to what happens in little string theories 



E. A "Hybrid" Scenario 

Before we end this section, as an aside we would like to discuss a somewhat different 
scenario, where 4 of the extra dimensions are compact, but we have 2 non-compact extra 
dimensions. For illustrative purposes let us focus on the orbifold group Z3 x Z2 discussed 
in the previous subsection. Thus, consider the case where the transverse space is given by 
Aie = (C X >V4)/Z3 , where W4 = T^/Z2 is (an orbifold limit of) a K3 surface, and the 
complex coordinates zi and -22,2:3 now parametrize C respectively W4. Since we have only 
two non-compact directions in AAq, the number of D3-branes is now fixed by the untwisted 
tadpole cancellation conditions to be 8. This is because we have 16 03-planes located at 
the corresponding fixed points on T^. We also have an 07-plane and 8 of the corresponding 
D7-branes. Here we should point out that the corresponding Z3 x Z2 model is not realistic 
as the gauge group only contains SU (2) factors (see subsection E of section V), so we do not 
have the SU{3)c subgroup of the Standard Model. However, here we would like to use this 
model to discuss a point a priori unrelated to how realistic this model is from the Particle 
Physics viewpoint. 

Thus, suppose the linear sizes of the K3 surface are all of order l/Mg. At low energies we 
can integrate out the K3 part and obtain a model which is equivalent to having a 3-brane in 
6-dimensional bulk with infinite volume extra-dimensions. Since we have no tree-level infra- 
red divergences in this model (all tadpoles are canceled), following our discussion in the 
previous subsection, we could consider a model with no cross-over from the 4-dimensional 
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gravity to 6- dimensional gravity. Here we should point out that the number of such "hybrid" 
models would be quite limited for the reasons mentioned in Introduction. 



V. EXPLICIT EXAMPLES 

In this section we would like to discuss explicit examples of orientiworld models. As 
we have already mentioned in Introduction, the number of such models is infinitely large, 
and we have a large number of potentially interesting models to explore. Here we will not 
attempt to perform an exhaustive search for phenomenologically most interesting models. 
Rather, we will discuss some examples to get a flavor of what kind of features we can expect 
from the orientiworld construction (we will discuss phenomenological applications in the 
next section). Here we will focus on examples with the orbifold group F C SU{3) but 
r ^ 50(3). Such examples have been studied in [|6|,|9|,p!3| . For illustrative purposes here we 
will discuss some of these models. 



A. The Z3 Models 

The simplest choice of the orbifold group F in the present context is F = Z3 = {1, 6*^}, 
where the generator 9 of Z3 acts on the complex coordinates Za, a = 1,2, 3, on C'^ as follows: 

9Za = UJZa , (153) 

where u = exp(27ri/3). At the origin of C^/F we can place an 03~- or 03'*"-plane. Let 
?7 = — 1 in the former case, while rj = +1 in the latter case. The twisted tadpole cancellation 
requires that 

Tr(7e) = 4r] . (154) 

We can then place (3A^ + At]) D3-branes on top of the 03-plane, and choose 

70 = diag{ujlN, i^'^lN, iN+irj) ■ (155) 

The massless spectrum of the resulting model is given in Table I. Note that the U{1) factor is 
anomalous and is actually broken at the tree level as we discussed in subsection D of section 
II. Let $Q = 3 X (R^, 1), and = 3 x (N, N + 4r]). Then the tree-level superpotential in 
this model is given by: 

W = e,^^$,P^P^ + . . . , (156) 

where the ellipses stand for non-renormalizable couplings. 

An interesting case to consider is 1] = —1 and = 5 (in this case we have 11 D3-branes 
placed on top of the 03~-plane). The gauge group of this model is SU{5), and we have 
3 chiral generations transforming in 10 plus 5 of SU{5). A compact version of this model 
was originally constructed in |^ . Even though we have three generations and an appealing 
gauge group in this model, phenomenologically it is still not very interesting as we have 
no way of breaking the "grand unified" SU (5) gauge group down to the Standard Model 
gauge group SU{3)c ® S'?7(2)u, C?) f/(l)y - we have no Higgs field in an appropriate higher 
dimensional representation (such as the adjoint Higgs). 
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B. The Z7 Models 



Another simple choice of the orbifold group F is F = Z7, where the generator g of Z7 
acts on the complex coordinates Za, a = 1,2, 3, on as follows: 

gzi = azi , gz2 = c?Z2 , gz-^ = a^zs , (157) 

where a = exp(27ri/7). At the origin of C^/T we can place an 03^- or 03^-plane. As 
before, let 77 = —1 in the former case, while 77 = +1 in the latter case. The twisted tadpole 
cancellation requires that 

Tr(7,) = -At] . (158) 

We can then place (7A^ — Arj) D3-branes on top of the 03-plane, and choose 

7g = diag(Q;/Ar, a'^Ijy, cP'In^ ce~'^lN, ce^^N, oT'^In^ In-at)) ■ (159) 

The massless spectrum of the resulting model is given in Table L Note that the U{1) factors 
are anomalous and are actually broken at the tree level as we discussed in subsection D 
of section IL Let $1 = (1,1,R^, 1), Pi = (N, 1, 1, N + 4r/), Ri = (N,N, 1, 1), Qi = 
(1,N, N, 1), plus cyclic permutations of the SU{N) (g) SU{N) (g) SU{N) representations 
which define Pa, Ra, Qa with a = 2,3. The tree-level superpotential in this model is 
given by: 

W = eafSyPaPfsQ-y + ^a/S-yQ aRfS^y + ^afSyRaRpRy + • • • ! (160) 

where the ellipses stand for non-renormalizable couplings. 

Note that in this model we have a cyclic Z3 symmetry corresponding to the permutations 
of the SU{N) (g) SU{N) (g SU{N) quantum numbers. In fact, this is a symmetry of the 
background itself. In the next subsection we will consider further orbifolding the Z7 models 
by this symmetry. 



C. A Non-Abelian Orbifold 

Thus, consider the orbifold group Z3 = {1,9,6^} whose generator 6 has the following 
action on the complex coordinates Za'- 

Ozi = Z2 , 9z2 = 2:3 , Ozs = Zi . (161) 

That is, 6 permutes the complex coordinates Za- Note that 6 does not commute with the 
generator g of the Z7 orbifold group discussed in the previous subsection: 

ege~'=g\ eg'e-' = g\ eg'e-'=g, (162) 

9g'e-' = g\ 9g'9-'=g', 9g'9-' = g' . (163) 

Also note that 

(^^7')' = (^V)' = 1 , k = 0,...,6. (164) 
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Thus, 9 and g together generate a non-Abehan group with |r*| = 21. This orbifold group 
is a subgroup of SUiZ). 

Let us consider the orientiworld model corresponding to the C'^/F* orbifold. The eigen- 
values of 6g^ and A; = 0, . . . , 6, are l,ti;,a;~^. The twisted tadpole cancellation condi- 
tions then imply that 

Tr(7,/) = = -2r], k = 0,...,Q. (165) 

We can therefore choose: 

7g = diag(a/Ar, o'^In, o^In, o'^In, o^In, a~'^lN, In-at,) , (166) 

7e = diag(/2Ar X "Pg, uln, Uj'^In, In-2rj) , (167) 

where N = 3n + 21], and "Pa is a 3 x 3 permutation matrix. 

The resulting Af = I supersymmetric theory has the gauge group SU (N) ® SU (n) ® 
Gr^{n — 27]) (see Table I for notations), where we have dropped the U{1) factors. The charged 
matter is given by 



$ = (R„1,1) , 


(168) 


S = (N,n,l) , 


(169) 


S = (N,n,l) , 


(170) 


P=(N,l,n-2r/) , 


(171) 


i?= (Adj,l,l) , 


(172) 


Qrj (-f^rj) 1) 1) ) 


(173) 


Q~n (-R-— r)5 1) 1) ; 


(174) 



where Adj stands for the adjoint representation of SU{N). The tree-level superpotential is 
given by: 

W = <l>Q„R + PPQ-r, + ^^Qv + ^^Q-v + ... , (175) 

where the ellipses stand for non-renormalizable couplings. 

An interesting feature of this model is that we have matter in the adjoint of the SU {N) 
subgroup. Such higher dimensional representations are necessary in grand unified models to 
break the grand unified gauge group down to that of the Standard Model. Note, however, 
that in this model the appearance of the adjoint is achieved at the cost of having only one 
"generation" instead of threeQ. 



Compact models with adjoint representations were recently discussed in |47| in the context of 
Type IIA orientifolds. In particular, an SU{5) model with 2 chiral generations was constructed in 
|47|, but, to the best of our knowledge, a grand unified orientifold model with 3 chiral generations 
has not been constructed yet. 
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D. The Z3 X Z3 Models 



Next, let us consider the case with F = Z3 x Z3. Let gi and (72 be the generators of the 
two Z3 subgroups. Their action on the complex coordinates Za is given by: 

giZi = ujzi , giZ2 = uj~^Z2 , 5^123 = 2:3 , (176) 

g2Zl = Zi , g2Z2 = LdZ2 , g2Z3 = UJ~^ Zs ■ (177) 

The twisted tadpole cancellation conditions read 0: 

Tr(7,J = Tr(7,J = Tr(7,,,J = -2r^ , (178) 
Tr(7,,,2) = Tr(7,2^J = 4r/ . (179) 

We can place (9A^ + irj) D3-branes on top of the 03-plane located at the origin of C^/F, 
and choose 

7g, = diag(c^/3Ar+2^,U;"^J3Ar+2r„/3Af) , (180) 
752 = diag(t^/Ar+2r,, ^^'^^N, ^N, ^~^lN+2ri, ^In, ^N, ^^^N, ^~^In, In) ■ (181) 

The massless spectrum of the resulting model is given in Table I (the U{1) factors should 
be dropped). Let xi = (1,N,1,1,N), Pi = (1, N, 1, N + 2?], 1), Qi = (1, 1, N, N + 2r/, 1), 
Ri = (1, N, N, 1, 1), plus cyclic permutations of the SU (N) (g) SU{N) (g) SU{N) representa- 
tions which define Xa, Pa, Ra, Qa with a = 2,3. The tree-level superpotential in this model 
is given by: 

W = ^ap^XaXpR^ + ^ap-fPaQ pR^ + . . ■ , (182) 

where the ellipses stand for non-renormalizable couplings. 

Note that in this model we also have a cyclic Z3 symmetry whose generator 9 acts on the 



complex coordinates Za as in (|161|) . We can therefore consider further orbifolding by this 
symmetry. Note that 9 does not commute with the original Z3 x Z3 generators gi,g2- In 
fact, gi and 9 generate a non-Abelian discrete groupQ F = A(3 • 3^) with |F| = 27, which is 
a subgroup of SU{3). The resulting model has the gauge group SU{3N — 2ri) x SU{N)'^ x 
Gn{N — 21]), and the matter content can be found in [0. In particular, we have matter in 
Hrj and of SU{3N — 27]) as well as bifundamentals (but no adjoints). 



E. The Z3 X Z2 Models 

So far we have discussed cases without D7-branes. Let us now consider cases with D7- 
branes. Thus, consider the case with F = Z3 x Z2. Here the action of the generators 9 of 
Z3 C F and of Z2 C F on the complex coordinates z^, is given by: 



^^The group A (3 • 3^) is a semi-direct product of Z3 and Z3 x Z3. It is the n = 3 member of the 
infinite series referred to as A(3 • n^), where A(3 • n^) is a semi-direct product of Z3 and Z„ x Z„. 
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6Za = OJZa , (183) 

Rzi = -zi , Rz2 = -Z2 , Rzs = Z3 . (184) 

Note that now we have an 03-plane as well as a single 07-plane (the 07-plane is located 
at the origin of the Z3 complex plane). The untwisted tadpole cancellation conditions re- 
quire the presence of 8 of the corresponding D7-branes. The twisted tadpole cancellation 
conditions read (fc = 1,2): 

Tr(7H,3) = Tr(7R,7) = , (185) 
Tr(70fc/j,3) = Tr(70fcRj) = (186) 
Tr(7,.,3) = Tr(7,.,7) = -4 . (187) 

We can place (6A^ — 4) D3-branes on top of the 03-plane, and choose 

7e,3 = diag(a;l2Ar,u;^l2Af,l27v-4) , (188) 

7ij,3 = diag(z, -i) x I3N-2 , (189) 

7e,7 = diag(u;l4, cc'^14) , (190) 

7jj„7 = diag(2, -i) x I4 . (191) 

The spectrum of this model is given in Table II (the 33 U{1) factors should be dropped). Let 
= 2 X (A, 1, 1)33 A = 2 X (1, A, 1)33, Qa = 2 x]N, 1, N ^)33, Q a = 2 X (1, N, N - 2)33. 
Next, let_P = (N, N, 1)33, = (N, 1, N - 2)33, i? = (1, N, N - 2^33, S = ( N, 1, 1 ; 2, 1)37, 
S = (1, N, 1; 1, 2)37. We will also use T = (1, 1, N - 2; 1, 2)37, T = (1, 1, N - 2; 2, 1)37, 
U = (2,2)77 (see Table II). Here a = 1,2 labels the multiphcity of states in the 33 open 
string sector. The tree-level superpotential in this model is given by: 



W = ^iQ2R + ^2QiR + ^iQ2R + ^2QiR + 

QiQ2P + Q2QiP + TfU + TSR + fSR + ... , (192) 

where the ellipses stand for non-renormalizable couplings. 



F. The Z3 X Z2 X Z2 Models 

Let us consider one more case with D7-branes. In particular, here we would like to discuss 
a model with three sets of D7-branes. Thus, consider the case with F = Z3 x Z2 x Z2, where 
the generators of Z3, Ri of the first Z2 subgroup and R2 of the second Z2 subgroup act as 
follows: 

9Za = OJZa , (193) 

R^zp = -{-ly-^zp , (194) 

where R^ = RiR2. Note that now we have an 03-plane as well as three different 07Q,-planes 
(the 07Q,-plane is located at the origin of the Za complex plane). The untwisted tadpole 
cancellation conditions require the presence of three sets of the corresponding D7Q,-branes 
with 8 D7-branes in each set. The twisted tadpole cancellation conditions read (A; = 1, 2): 
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Tr{jR^,s) = Trijn^j^) = , (195) 
T^{le^R^,3) = Tr(7e.R„,7,) = (196) 
IV(7,.,3) = I¥(7,.,7j = -4 . (197) 

We can place (6iV — 4) D3-branes on top of the 03-plane, and choose 

7e,3 = diag(a;l2jv, u;%n, hN-i) , (198) 

7fla,3 = iCTa X I3JV-2 , (199) 

where ctq, are the 2x2 Pauh matrices. The action on the DTq Chan-Paton charges is 
similar except that their number is fixed. The spectrum of this model is given in Table II. 
The 33 U{1) factor is anomalous, and is broken at the tree level. Let = 3 x (A, 1)33, 
Xa = 3 X (N,N-2)33, = (N,l;2,)37., i?" = (1, N - 2; 2,)37„ (see Table II). The 
tree-level superpotential in this model is given by: 

yV = e^f^^^aXpXj + XaP'^R'^ + ■ ■ ■ , (200) 
where the ellipses stand for non-renormalizable couplings. 



VI. A THREE-FAMILY SU{<6) MODEL 

In the Z3 X Z2 X Z2 orbifold models we discussed in the previous section it is particularly 

interesting to discuss the case = 6 (see subsection F of section V). The corresponding 
M = I super symmetric model has the gauge group [SU (6) ® 5'p(4)]33 ® SU (2)7^7^. As 
we pointed out at the end of section II, at the quantum level the 77 gauge symmetry becomes 
part of the four-dimensional gauge symmetry. Note that we have deleted the 77 C/(l) factors, 
which are anomalous and are broken via the generalized Green-Schwarz mechanism. 
The charged chiral matter multiplets in this model are given by: 

= 3 X (15,1)33 , (201) 

Xa = 3 X (6,4)33 , (202) 

P" = (6,l;2„)37„ , (203) 

i?" = (l,4;2„)37„ , (204) 

r"/^ = (2„;2^),„7, . (205) 

The tree-level superpotential is given by 

W = e^0^^o.X0X-y + XaP'^R'^ + ■ ■ ■ , (206) 

where the ellipses stand for non-rcnormalizablc couplings. 

We can Higgs the 77 gauge group down to the SU (2) diagonal subgroup using the T"'^ 
matter multiplets. The resulting model now has the gauge group SU{6) (g) 5'p(4) (g) SU{2) 
and the charged matter multiplets 
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= 3 X (15,1,1) , (207) 

Xa = 3 x (6,4,1) , (208) 

= 3 X (6,1,2) , (209) 

P" = 3 X (1,4,2) , (210) 

T= (1,1,3), (211) 



and the tree-level superpotential is still given by (|206|) . 

Note that we cannot break the SU{6) gauge group down to that of the Standard Model as 
we have no appropriate higher dimensional Higgs fields such as an adjoint Higgs. However, 
following |10|, we can still break the SU{6) ® 5*^(4) ® SU{2) gauge group down to SU{3)c ® 
SU (2)^(8)f/(l)y. This can be done as follows. Note that under the breaking SU{6)<S)Sp{4:) D 
[5f/(4)(g)^?7(2)®[/(l)] X [SU{2)0SU{2)] we have the following branchings (the U{1) charges 
are given in parenthesis): 

(15, 1) = (6, 1, 1, l)(+2) © (1, 1, 1, l)(-4) © (4, 2, 1, 1)(-1) , (212) 
(6, 4) = (4, 1, 2, 1)(-1) © (4, 1, 1, 2)(-l) © (1, 2, 2, l)(+2) © (1, 2, 1, 2)(+2) . (213) 

Now consider giving non-zero vacuum expectation values to (1, 1, 1, 1)(— 4) in $1 and 
(1, 2, 2, l)(+2) in xi (it is not difficult to see that we have the required F- and D-fiat 
directions). This Higgsing breaks the SU{6) © Sp{4:) © SU{2) gauge symmetry down to 
SU{4:) © SU{2) © SU{2) © SU{2). The charged matter is given by0: 



= 3 X (6,1,1,1) , 


(214) 


$1 = (4, 1,2,1) , 


(215) 


Xa = 3x (4, 2, 1, 1) , 


(216) 


Xi = (4,l,2,l) , 


(217) 


Xi = (l,2,2,l) , 


(218) 


P" = 3x (4,1,1,2) , 


(219) 


Pi = (l,2,l,2) , 


(220) 


P" = 3 X (1,1,2,2) , 


(221) 


Pi = (l,2,l,2) , 


(222) 


T = (l, 1,1,3) , 


(223) 



and the superpotential is given by: 

W = e„^^<l>,X/3X7 + XiP'R' + XiP'R' + XiP'R' + ■■■ ■ (224) 

Note that this superpotential does not contain P^ or P'^. Let us give a non- vanishing vacuum 
expectation value to P^. This breaks the gauge group down to the Pati-Salam gauge group 



Determining the matter content after Higgsing requires some care as we have non-trivial cou- 
plings in the superpotential. 
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SU{4:)c ® SU{2)u] ® SU{2)r. The charged matter is given by (we have interchanged 4 and 
4 of SU{A)): 





(22F)) 


$1 — ^4 1 2") 




Y = 3 X f4 2 1) 








Xi = (l,2,2) , 


(229) 


P° = 3x(4,l,2), 


(230) 


Pi = (l,2,2) , 


(231) 


R\R^ = 2 X (1,1,3) , 


(232) 


Pi = (l,2,2) , 


(233) 


T= (1,1,3) , 


(234) 



and the superpotential is given by (|224|) . 

We can identify Xa and P"" as three generations of quarks and leptons in the Pati-Salam 
model. The fields Xi a^id $i are the Pati-Salam Higgs fields, which serve the purpose 
of breaking the Pati-Salam gauge group down to SU{'i)c ® SU{2)w ® U{1)y (that is, non- 
vanishing vacuum expectation values of Xi and $1 break SU{4:)c<S)SU{2)ji down to SU{3)c® 
U{1)y)- The field gives rise to the electroweak Higgs doublets. In fact, as can be seen 
from the superpotential ( |224| ) , the third generation (that is, the top quark generation) is 
identified with xi and P^. The extra triplets R^,R^,T should acquire soft masses upon 
supersymmetry breaking (these masses are presumably of order Ms ~ TeV). Here we note 
that, upon integrating out these states, it might be possible to generate higher dimensional 
operators responsible for giving masses to the other two chiral generations. Potentially 
dangerous states are the anti-symmetric states They too could acquire masses upon 
supersymmetry breaking. However, it needs to be checked whether there are no dangerous 
baryon number violating couplings due to these states. This is, however, outside of the scope 
of this paper. 

Thus, as we see, in the orientiworld context we have constructed a truly 3-family Pati- 
Salam model with the correct Higgs content. In fact, we even have the correct couplings in 
the superpotential for one generation to be much heavier then the other two. To the best 
of our knowledge, this model is the closest to the Minimal Supersymmetric Standard Model 
constructed via the orientifold construction. 

Before we end this section, let us make the following remark. Here we discussed this 
model at the orbifold point. To obtain four-dimensional gravity, as we discussed in section 
IV, we need to consider relevant blow-ups of the Z2 twists, that is, we need to consider the 
corresponding conifold background. In the process of blowing up these twists, some of the 
massless states acquire non-zero masses. However, these masses are about 10~^ eV, so the 
above discussion is not expected to be modified substantially. It would be interesting to 
understand whether this scale 10~^ eV has anything to do with the neutrino masses (note 
that in the Pati-Salam model we have right-handed neutrinos). 
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VII. DISCUSSION 



In the orientiworld framework we discussed in this paper the Standard Model gauge 
and matter fields are localized on (a collection of) D3-branes embedded in infinite-volume 
extra space. This transverse space can be an orbifold or a more general conifold. The four- 
dimensional gravity on D3-branes is reproduced due to a four-dimensional Einstein- Hilbert 
term induced at the quantum level. In particular, gravity can be four-dimensional up to 
the cross-over distance scale r^, which can be as large as the present Hubble size. Not 
surprisingly, this requires a hierarchy of scales. Here we would like to comment on this 
hierarchy. 

For definiteness let us focus on the scenario we discussed in subsection D of section IV. 
In this scenario, where the transverse space is a conifold obtained by relevant blow-ups of 
certain orbifold singularities, the string scale Ms is of order TeV, while the four- dimensional 
Planck scale Mp ~ 1/e, where e is the size of these blow-ups. The aforementioned hierarchy 
then is in having two very different distance scales, namely, the string length l/M^ and the 
blow-up size e. One possibility is that the size of the blow-up is determined dynamically 
upon supersymmetry breaking. So we must understand supersymmetry breaking in the 
orientiworld framework. 

One possibility for obtaining non-supersymmetric orientiworld models is to start from 
M = 1 supersymmetric models, and break supersymmetry dynamically. This would require 
constructing orientiworld models with certain additional sectors that would dynamically 
break supersymmetry and then mediate it to the Standard Model sector. Alternatively, 
especially in scenarios with Mg of order TeV, we could consider constructing orientiworld 
backgrounds that are non-supersymmetric already at the tree level. Such models were 
originally discussed in (for subsequent developments see Thus, one can construct 

anomaly-free chiral models where all tadpoles are canceled. In particular, these models 
contain anti-D3-branes (or anti-03-planes). However, in all of such models we have twisted 
closed string tachyons. Let us point out that in the models of all divergences due to the 
closed string tachyons coupling to the D-branes and orientifold planes are canceled just as 
all the massless tadpoles. So the presence of the closed string tachyons does not destabilize 
the gauge theories on D3-branes. As to the bulk, there is a possibility that, once all the 
tachyons condense, we obtain a supersymmetric closed string background If so, this 



would mean that we could construct orientiworld models where the bulk is supersymmetric, 
while the brane supersymmetry is broken at the tree level. In other words, the branes would 
be non-BPS, and would break all supersymmetries. 

Such orientiworld models could also be interesting for the cosmological constant problem. 
In particular, if the bulk supersymmetry is intact, one might hope that it might protect the 
brane cosmological constant []53|-p^. Thus, if we consider a codimension-2 or higher brane in 
infinite-volume extra space, we have fiat brane solutions for a continuous range of the brane 
tension (that is, unlike in the codimension-1 case, positive brane tension does not necessarily 
imply infiation on the brane). This by itself, however, is not sufficient to successfully address 
the cosmological constant problem. Indeed, even in higher codimension cases we do have 
solutions with infiation on the brane. The idea then is the following ||53|j5^ . Suppose the 
bulk is supersymmetric, and we break brane supersymmetry. Since the volume of the extra 
space is infinite, the bulk supersymmetry is, nonetheless, intact. Now, the cosmological 
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constant is an infra-red quantity - it is measured at large distances. In the scenarios we 
discussed above, gravity becomes higher dimensional around the Hubble size, so, at least 
naively, we would then be measuring the higher-dimensional cosmological constant (and not 
the four-dimensional one), which vanishes^ due to the unbroken bulk supersymmetry. It 
would be interesting to test this idea in higher codimension modelsQ. 

Another point we would like to comment on here is gauge coupling unification. Thus, in 
the scenario where Ms is of order TeV we might expect that the extrapolated unification of 
gauge couplings in the MSSM would have to be an accident. Here we would like to point out 
that this might not necessarily be the case. First, one might consider a scenario where the 
Standard Model fields live on D4- or D5-branes with the corresponding compactification sizes 
along the branes of order of l/M^. Then we could have accelerated unification as in ||57H59|. 
However, a priori there is another possibility here, which need not involve compactification. 
The general idea was originally discussed in 0] (also see |^), and here we would like to 
tailor it for the orientiworld context. As we have already mentioned, in the scenario discussed 
in subsection D of section IV we have two different cut-offs on D3-branes, namely, A ~ Mg 
and A' ~ Mp. The key reason why this is possible is that we have two extra dimensions 
transverse to the D3-branes that are untouched by A/" = 2 supersymmetric orbifold twists. If 
these dimensions were compact, then we could have large logarithmic threshold corrections 
due to the corresponding open string windings |2i]. The compactification in this case plays 



the role of an ultra-violet cut-off. In the orientiworld context, once we deform to a conifold, 
we effectively have such a cut-off, namely. A', even without compactification. Then one 
might hope that we could achieve unification along the lines of by having the dilaton 
and/or the relevant twisted field vacuum expectation values varying from point to point in 
the bulk (in some cases such backgrounds could be studied in the F-theory language 
pl|). It would be interesting to see if this idea can be made more concrete. 

Finally, let us mention that various issues such as proton stability, flavor violation as 
well as neutrino masses might need to be addressed in the orientiworld context with Mg of 
order TeV. It is important to note that gravity in such scenarios is weak. Nonetheless, one 
might have to worry about the open string excitations in this context. Some of the ideas 
discussed in the context of might be applicable in the orientiworld context as well. In 
particular, proton stabilization |6^j6^ , neutrino masses []65| , |6^ and flavor violation [|6^-|68 
can be addressed in theories with M, of order TeV. 
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APPENDIX A: THE U{1) FACTORS IN ORIENTIWORLD MODELS 



In this appendix we give the calculation of the tree-level exchange of a twisted 2-form 
in the cylinder amplitude that leads to renormalization of the U{1) gauge couplings in 
orientiworld models. More precisely, as we already mentioned in subsection C of section II, 
for our purposes here it suffices to discuss this calculation in the oriented Type IIB setup. 
In fact, for simplicity we will focus on the Z2 model discussed in subsection C of section II. 

The relevant action reads (see subsection C of section II for details): 



12 Jd3 



■R 



D3 4g(l 



1 



- — 



D3 



12 iD3xR2 



H 



R ■ 



(Al) 



What we need to compute is the exchange of the 2-form Cr between two boundaries with a 
f/(l)_ gauge boson attached to each boundary. To do this, we can simply compute the Cn 
field created by a U{1)_ background field, and then couple it back to this background field. 
That is, we are simply computing the classical self-interaction of the C/(l)- field strength 
via the Cr field. 

We need to fix the gauge for the Cr field. A convenient gauge choice is 



Om^r 



. 



(A2) 



The gauge-fixed equation of motion for Cr is then given by (here we are taking into account 

0): 



the fact that Cj^ 



^R 



(A3) 



It is convenient to Fourier transform the coordinates and x*. Let the corresponding 
momenta be p'^ and /c', respectively. We then have the following equation for C^^{p, x^): 



criP:^') 



XM riV 
nO „ 



2e^\,Fl''{p) - lyC^^ip, 0) 



-ik-x 



(27r)2 



In particular, we have: 

C'^^p) = \2e^\,FZ''{p) - LYC'r{p) 



(27r)2 A;2+p2 



(A4) 



(A5) 



We must regularize the integral over fc* in the ultra-violet. We will use the following regu- 
larization: 



d'^k 



(27r)2 A;2+p2 



fc^=A^ d^k 



(27r)2 fc2+p2 



(A6) 



Note that A here is the ultra-violet cut-off in the tree channel, which corresponds to an 
infra-red cut-off in the loop channel. We then have: 
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1 



In 1 + ^ 



The self-interaction term is given by: 



2 f d'^p 



In ( 1 + ^ 



D3 nJ (27r)4 i + iiVin(l + Ai 



47r \ P 



This results in the renormalization of the f/(l)- gauge coupling. The renormalized kinetic 
term for the U{1)- gauge field is now given by: 



F^'^ip)F_,,i-p) , (A9) 



where 



d^p 1 

(2^ Wii) 



4 + r (Aio) 



In 1 + ^ 



47r \ p 

For L = this reproduces the usual logarithmic gauge coupling running (in fact, it 

is not difficult to check that with the normalization for the bare f/(l)- gauge coupling gf_ 
we have adopted, we have the correct one- loop /5-function coefficient). In this case we have 
a logarithmic divergence, which must be regularized by introducing the tree-channel ultra- 
violet cut-off A. We also have a logarithmic tree-channel infra-red divergence at p2 -> 0, 
which translates into the corresponding loop-channel ultra-violet divergence. 

However, for non- vanishing L the gauge coupling does not run. In fact, we only have a 
finite non-local correction even if we take A — oo limit (that is, if we remove the tree-channel 
ultra-violet cut-off): 

1 1 r 2m- 



gUp) g 



2 



2 



1 + 



p2 



(All) 



Here it is important to note that we do not have a tree-channel infra-red divergence either. 
In particular, the integral over p'^ in (|A9|) is cut off in the infra-red at p"^ = m^, where 



mi = ^ (A12) 

is the mass of the t/(l)- gauge boson. That is, we do not have a loop-channel ultra-violet 
divergence either. 

Thus, as we see, once we introduce the kinetic term for the Cr field on the D3-branes, 
we have no ultra-violet or infra-red divergences in the U{1)- coupling. As we argued in 
subsection C of section II, such a kinetic term would be generated at the one-loop level with 

= h{a'fK^ , (A13) 
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where 6 is a dimensionless numerical coefficient, and A is the loop-channel ultra-violet cut-off. 
We then interpret the above result as the symmetry being global and not local. 

In fact, here we would like to argue that this is consistent with the case where the two 
extra dimensions are compactified on a large 2-torus. Thus, consider a model where we 
compactify on a square 2-torus T^: 

X* ~ X* + 2Tcr . (A14) 

Then in the absence of Wilson lines on we actually have the same four- dimensional 
spectrum. Let us assume that ^ a'. Then we actually have a tree-level 4-dimensional 



kinetic term (^) for the field with 

= (27rr)2 . (A15) 

Thus, the gauge field is massive. In fact, we can now see why ( |A13D should be the 

case. Note that in the D3-brane language we have winding open string modes with masses: 

2 

[a j"^ 

where w"^ = {wi)^ + {102)'^, and Wi G Z. This can also be seen by T-dualizing along the T^. 
The D3-branes then go into D5-branes, and the 2-torus goes into a dual 2-torus with 
the coordinates 

x' ~ X* + 27ir , (A17) 

where 

a' 

r = -. (A18) 
r 

Note that <^ a'. Now we have Kaluza-Klein modes with masses 

2 

< = ^ , (A19) 

where = (mi)^ + (^2)^, and G Z. These Kaluza-Klein modes in the D5-brane 
language correspond to the winding modes in the D3-brane language. 

Note that the theory on the D5-branes is a 4-dimensional gauge theory at the momenta 
^ (that is, below the Kaluza-Klein threshold). Even though the string excitations 
lie way below the Kaluza-Klein threshold, they do not contribute to the gauge coupling 
renormalization as we discussed in subsection C of section II. This implies that the 4- 
dimensional gauge theory cut-off is given by the Kaluza-Klein threshold |T7|J2^ , |25[] (that is, 
compactification on effectively introduces an ultra-violet cut-off into the D3-brane gauge 
theory) : 

A = X = — , (A20) 
r a' 

where a dimensionless numerical coefficient C, parametrizes the subtraction scheme depen- 
dence. This conffims our intuition that we should have ( |A13| ). Note that at the momenta 
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^ the D5-brane theory becomes 6-dimensionaL In this 6-dimensional theory (which 
can be thought about in the language of a model where we place non-compact D5-branes 
at the Z2 orbifold singularity) the gauge symmetry is anomalous (note that in six di- 

mensions U{1) anomalies come from box diagrams). It is broken by a Chern-Simons mixing 
with the twisted 4-form, call it C'r 



R- 



(A21) 



Note that this twisted 4-form propagates in six dimensions along the D5-brane world- volume. 
Its exchange in the cylinder amplitude with a f/(l)_ gauge boson attached to each boundary 
gives rise to a quadratic divergence. However, this quadratic divergence is removed once 
t/(l)_ acquires mass, which breaks the U{1)^ gauge symmetry to a global one. 

APPENDIX B: A COMPLETELY SMOOTH BRANE 



In this Appendix we would like to discuss the case where we smooth out the brane 
completely, that is, when we replace the d- dimensional 5-function 8^''^{x'^ — x\) by a smooth 
distribution /('^^(x* — x\). In fact, for our purposes here it will suffice to study the simple 
distribution /i(r) given by (p2|). 

Thus, consider the equation of motion for x i^i the absence of the brane matter (see 
subsection C of section III for details): 



(d'd,-p')x = ->^L''p\h{r) 



(Bl) 



We have a continuum of modes with < corresponding to massless and massive modes 
(here we are working with Minkowski momenta p^). However, we also have an infinite tower 
of quadratically normalizable tachyonic modes. Thus, let us assume that > 0. Let 



q =p 



= > . 



Then the equation of motion for x reads: 

[d'di + q^)x = , r<e 
(d'di - p^) X = , r > e 



(B2) 



(B3) 
(B4) 



As before, for simplicity let us focus on the d = 3 case. Then the radially symmetric solution 
is given by: 



X(r) = C 



sin(gr) 



x{r) = C sin(pe) 



exp {—p[r — e]) 



r > e 



(B5) 
(B6) 



where C is a constant, and the matching of d^xi''^) at r = e gives the following condition on 
p: 
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tan(ge) = 



P 



(B7) 



Pn — (2?^ — 1) + — arctan ( — ] , n e N . 
2-fe 7e X'y I 



This equation has infinitely many roots (here we must keep those corresponding to p > 0) : 

(B8) 

If the brane thickness is small (e <C I/), then 7 1, and we have 

(B9) 

Thus, we have an infinite tower of quadratically normalizable tachyonic modes in this case. 
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p„ « — (2n - 1) , neN . 



APPENDIX C: GRAVITON PROPAGATOR ON THE BRANE 

In the main text we studied the d = 3 case in detail. However, we can equally easily 
determine the graviton propagator on the brane in general d. Because of the logarithmic 
property of the 2-dimensional propagator, the d — 2 case requires a separate treatment, while 
the d > 2 cases can be discussed together. In this appendix we provide the corresponding 
details. 

1. The d>2 Cases 



For the reader's convenience, here we repeat the relevant equations: 
1 



1 



D-d 



r]^,T{p) $ + 



d 



D-2 



L'^iPu.Pi. 



1 



D-d 



ri,,up'^)T{p)E 



H 



d-2 



-X 



d-2 



Ml-'^T{p)^ 



d D-2 
Here E and $ are the solutions to the following equations 



(CI) 
(C2) 



(C3) 

(C4) 
(C5) 



subject to the condition that E and $ decay to zero away from the brane (here we are 
focusing on the cases d > 2, where this is true even for the = modes). As before, we 
are using the notation 



{d'di - $ = [1 + lV^] f{r) , 



{d'di - $ = [1 - Kiy^ f{r) 



K 



{d-l){D-d-2) 
D-2 



(C6) 
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to simplify expressions containing $. 

Let us solve for H^y and x the brane, that is, at r = e. Here we will assume that 
e <^ L. Consider the momenta with <^ l/^^- Then it is not difficult to see that, up to 
0{pe) corrections, we have: 

$(r) ^A, r < e , (C7) 

*('^) ^ ^ ^ ' 

where A and B are constants. Matching the values of $(r) at r = e gives 

B ^ e'^'^A . (C9) 
On the other hand, from (|C3|) we obtain: 



(,_2)^.[l + LV^]^. (CIO) 



We, therefore, have 



where 



Similarly, for $ and S we have: 



A . '"-^IT"" . (C12) 



« . (C13) 



1 1 
l^lJld p2 _|_ p2 p2 _ p2 



m - --^ -A:. , (C14) 



where 



On the brane we then have: 



^z^^^^) ~ D-d -2 ^^"^^^'^ ^ 



P'^ +Pi 

d ( ^d - 2)pI + 2{d - 1)pI\ T{p) 



^d-l){D-d-2) V^^^' ''^^ - rf) y p2 - 

{d-l){D-d-2) p^-pi 

Note that at the momenta p^ ^ p^ the graviton propagator on the brane is {D — d)- 
dimensional. 



(C16) 
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2. The d = 2 Case 



Once again, let us assume that e <^ L, and consider the momenta with p"^ <^ V^^- Then 
it is not difficult to see that, up to 0{pe) corrections, we have: 

^(r) ^ A , r < e , (C18) 



$(r) 



r > 6 



where A, B and R are constants. Matching the values of $(r) at r = e gives 

e 



On the other hand, from 



We, therefore, have 



where 



Similarly, for $ we have: 



B 

we obtain: 
B r 

1 + 



Aln-M- 



27re 



L2 p2 _^ p2 



27r 

l2 



<|.(e) 



1 



In 



1 



-1 



f) 



1 1 



kL^ + pI p^ — p1 



where 



2ti 



In 



-1 



(C19) 
(C20) 

(C21) 

(C22) 
(C23) 

(C24) 
(C25) 

(C26) 



where ^ is a dimensionless parameter. On the brane we then have: 

1 



D-A 
X{r = < 



p'^ + p1 



Tf^uip) - 



PI 



D 

Tip) 



:Vt^uT{p) + 



D-2 p^ 



pI 



Tip) . 



(C27) 



(C28) 



D — A p"^ — p1 

Note that H^j^ is traceless in this case. Also, note that at the momenta p^ ^ p^ the graviton 
propagator on the brane is {D — 2)-dimensional. If we take R ^ L, then we can have 
Pc '^l/L. Note, however, that in this case pc is only logarithmically small compared with 
1/L. On the other hand, if we take R — >■ oo, then Pc,p* — >■ 0, and there is no cross-over 
between the [D — 2)-dimensional gravity and the D-dimensional gravity (that is, gravity on 
the brane is always {D — 2)-dimensional). Note that i? is a tree-level infra-red cut-off. We 
can then take the R ^ oo limit in the cases where such a cut-off is absent. 
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APPENDIX D: A NON-ZERO TENSION CODIMENSION-2 BRANE 



In this appendix we discuss the case of a co dimension- 2 brane with positive tension. In 
d = 2 the equations of motion for the warp factors A and B discussed in subsection D of 
section III simplify as follows: 



2^3' - (A 



i\2 



A' + -A 
r 







t^D - l){A'f - A B' 







A!' 



\{D-2){Af + \A 



+ B" + -B' + \rf{r) 
r 2 



. 



(Dl) 
(D2) 
(D3) 



It is then not difficult to see that for non-zero f the only solution is given hj A = (more 
precisely, A should be constant, which we can set to zero), and 



B" 



\B' + -rf{r) 







(D4) 



r 2 

The smooth solution to this equation is given by (we have set the integration constant so 
that B vanishes on the brane): 



B(r) 



-xe{r 



e) In ( - 



where 



A = 



T 

Air 



(D5) 



(D6) 



(D7) 



Note that the space is locally flat, but for r > e we have a deficit angle equal 

27l\ = -f . 
2 

We will therefore assume that < f < 47r. 

In this background we can also solve the linearized equations of motion for the graviton 
and the graviscalars |3^. Thus, we have (note that H^^ is traceless): 



flU 



-M\ 



2-D 



X 



D 



D-2 
P T{p)l. 



D-2 



PfJ^Pu 



D-2 



r]t,uP^]T{p)i: 



Here $, S and $ are the solutions to the following equations (/t = {D — A)/{D — 2)): 

(d'di - e'V) $ = [l + i^V$] f{r) , 



(d'di - V) ^ 



$ + LVs] /(r) 
1 - kLV$1 /(r) 



(D8) 
(D9) 

(DIO) 
(Dll) 
(D12) 



It is not difficult to see that the e^^ factor does not affect the discussion of subsection 2 of 
Appendix C for momenta <^l/e^ (assuming that e <C L). In particular, all the equations 
and conclusions given there are unmodified up to 0{pe) corrections. 
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FIGURES 





Klein bottle 




Mobius strip 





Annulus 

FIG. 1. Tree-channel Klein bottle, Mobius strip and annulus amplitudes. 
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Two cross-caps 



f 






V 


J 





A cross-cap and a D-brane 




Two D-branes 

FIG. 2. Factorization of the Klein bottle, Mobius strip and annulus amplitudes. 
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TABLES 



Model 


Gauge Group 


Charged 
Chiral Multiplets 


Twisted Sector 
Chiral Multiplets 


Z3 


U{N)^Gr,{N + 4ri) 


3x (R^,l)(+2) 

X (IN, IN + 477j(— Ij 


1 


Z7 


U{N) (g> U{N) (g, U{N)(g 


(R^,l,l,l)(+2,0,0) 

(N,l,l,N-477)(+l,0,0) 

(N,N,1,1)(-1,+1,0) 

(N,N,1,1)(-1,-1,0) 

plus cyclic permutations of the 

IJ[N) (g) (g) [/(iV) representations 


3 


Z3 X Z3 


U{N) U{N) U{N)® 
U{N + 2r]) (g G^{N) 


(R„,l,l,l,l)(+2, 0,0,0) 
(N,1,1,1,N)(-1, 0,0,0) 
(l,N,l,N + 2r?,l)(0,-l,0,+l) 
(l,l,N,N + 2r/,l)(0, 0,-1,-1) 

(1,N,N,1,1)(0,+1,+1,0) 
plus cyclic permutations of the 

IJ{N) (g) U{N) (g) C/(iV) representations 


7 



TABLE I. The massless spectra of = 1 orientifolds of Type IIB on C^/Zs, C^/Zy and 
C^/(Z3 X Z3). Here = A (two- index A(A — l)/2 dimensional anti-symmetric representation 
of U{N)) for 77 = —1, and R^ = S (two-index N{N + l)/2 dimensional symmetric representation 
of U{N)) for 77 = -1-1. The U{1) charges of the states in the 33 open string sector are given in 
parentheses. The untwisted closed string sector states are not shown. 
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Model 


Gauge Group 


Charged 
Chiral Multiplets 


Twisted Sector 
Chiral Multiplets 


Z3 X Z2 


[U{N) <E) UiN) U{N - 2)]33 
®[[/(2) ® C/(2)]77 


2x (A, l,l)(+2, 0,0)33 
2x (l,A,l)(0,-2,0)33 
2 X (N,l,N-2)(-l, 0,-1)33 
2x (l,N,N-2)(0,+l,+l)33 
(N,N,1)(+1, -1,0)33 
(N,l,N-2)(-l,0,+l)33 
(l,N,N-2)(0 + 1,-1)33 
2X (l,l)(+2,0)77 
2 X (1, 1)(0, -2)77 

(2,2)(+l,-l)77 

(N, 1,1; 2, 1)(+1, 0,0; +1,0)37 

(1,1,N-2;1,2)(0,0,+1;0,+1)37 

(1,N,1;1,2)(0, -1,0; 0,-1)37 

(1,1,N-2;2,1)(0,0,-1;-1,0)37 


3 


Z3 X Z2 X Z2 


[i7(iV) Sp{N - 2)]330 

(8)a=l^(2)7„7„ 


3 X (A, 1) (+2)33 
3x (N,N-2)(-l)33 
3 X (l,)(+2,)7„7„ 
(N,l;2„)(+l;+la)37„ 
(l,N-2;2„)(0;-la)37„ 
(2q,;2^)(+1q,; +1/3)7^7^ 


7 



TABLE II. The massless spectra of the M = 1 orientifolds of Type IIB on C^/(Z3 x Z2) and 
C^/(Z3 X Z2 X Z2). The semi-colon in the column "Charged Chiral Multiplets" separates the 33 



and 7a 7a representations. We are also using some of the notations from Table I. The untwisted 
closed string sector states are not shown. 
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